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This is Valles Marineris, the great 
canyon of Mars, as seen by Viking. 
The composite scene shows the entire 
canyon system, over 3,000 km long 
and averaging 8 km deep. The con- 
nected chasma, or valleys, of Valles 
Marineris may have formed from a 
combination of erosional collapse and 
structural activity. Layers of material in 
the eastern canyons might consist of 
carbonates deposited in ancient lakes. 
Huge ancient river channels ran north 
from Valles Marineris and from adja- 
cent canyons. Many of the channels 
flowed into Chryse Basin, which con- 
tains the site of the Viking 1 and Mars 
Pathfinder landers. 

Image Credit: NASA/JPL/USGS 





INTRODUCTION 





ractically next door to us in our Solar System, 
\V/eTeste tou aloes aalelsyanu mtsla label | Come) mest mialsmela(els 





ay=y(oMaiaWm oX=19 oX=)(0r-\ mano) i(e)aimo\’anialcmelelakome|e-\Via'Z 
ham Kowr- so) t-Valol ma tarumar-tomr-lcvellar-ucclomr-lalem|iaiia(e[e(-ve 
humans since prehistoric times. The Greeks named it 
Ares, atter their god of war. The connection was easy 
to make because of the planet's almost blood-red 
(ofo) (0) am Mal= Mince) ant-l alow -1koMr=lsve MM [an] Olkssstox-1e Ms ©)’antal=Mexe) (6) 6 


and renamed the planet Mars, after their war god. 


N/EcTasMomm o) fe XoYe \Vmrexe)(e) maw ’c-ts malo )an ial We)al\anialiare mm dar-vmmer-\e)d0lc-Lommial-mr-lnK-lali(e)amevmmial— 
ancients. The planet is the fourth brightest nighttime object after the Moon, Venus, 
and Jupiter, but its brightness is not steady. Sometimes Mars is faint, like the sur- 
rounding stars, while at other times it is a beacon. Furthermore, Mars’s motion 
appears to be chaotic, suggesting the state of disorder common during times of 
war. 

Mars slowly travels eastward, changing its position among the background 
stars. This movement granted Mars planet status, along with Mercury, Venus, 
Jupiter, and Saturn. The word planet comes from the Greek word planetes, mean- 
ing “wanderer.” 
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Mars “channels” as sketched as observed by Percival Lowell sometime before 1914. South, here, is at the top. 


The motion of Mars drew special attention because it would slow in its east- 
Weel MezolUlact-m-Vale Mm (ole) ols of el aW\z- 1x0 Mi olmr-miltn(-M el-1Ke) com co110] gallate me mirsme)alellar-\mer-\ianm Bale 
other classical planets also exhibited the property of backwards, or retrograde, 
motion. However, because of vastly greater or shorter distances to the Sun, these 
motions were less noticeable. We know today that Mars’s perplexing movements 
ale olale|aluatcrstomeuar-lale[otom-laomialoMacts10] | melmialome)ge)ir-\mer-lale-Mel-vA(c\>1al mt: lavam-lacem\Y/(-lese 
However, in ancient times, the mysterious phenomenon led to myth and foretelling. 

Much later, as telescopes became the instrument of choice for exploring the 
night sky, the Martian surface came into view. Although Mars resolved into a disk, 
unlike background stars, which remained pinpoints, the surface appeared fuzzy. 
Observer sketches revealed a surface marked by shadowy features that changed 
over time. As instrumentation improved, the shadows became more detailed, 
enabling observers to determine the tilt of Mars’s axis and the length of its day. 
Light-colored polar caps were discovered that grew and shrank. Except for an orbit 
NV exsurs tom (o)ale Wr-lale mr; We|t-laq(o1kclamar-liMmua(oMts}/4- 0) im mt; lade crm \V/F-Vecmiom ole alaliale Mem (ele) alll ce 
Earth’s younger sibling. The shadow variations could easily be explained. 
J e)alare|tiant=w oXe)t-lamer-\ eM anl=)iilalema(=V(elcveMUVc-IK-]ancolan-><e) ele l|alemci0lnalen-lamo)t-lalmme|ce\ Alama 
fall, the plants would go to seed and desiccate as water is refrozen into the polar 
caps in colder weather. 


Alien tripod illustration from an early 
French edition of H. G. Wells’ The War 
of the Worlds. 





In the minds of some observers, the changeable Martian shadows morphed 
Tal Kolm c=Ye 0] t-lam ex-Uatclaqtcymr- Mm - Ud n(ex-\uVo) a que)mmesar-lalar=i (cam dar-vmmexel0] (om lalel(er-1k-Malaicclil(@[>laler-mr-ut 
work. If purposely created, the channels would actually be canals designed to dis- 
tribute polar meltwater to the drier equatorial regions. 

For a time, Martian canal fever was infectious. With each new observation, 
hand-drawn surface maps revealed increasingly complex networks of intersecting 
canals, parallel canals, and oases at intersection points. In popular fiction, most 
notably the 1897 Pearson Magazine serialization of H.G. Well’s “War of the 
Worlds,” Mars was populated by a superior race of alien beings that looked upon 
=ecVadaWe-towe- Wo (=ts1 tl ar-\ilolaMars i ig=y-tsie lac alelelsi> Mela a=tsol0] cex-towr-lale mn celele M(alUlaat-lam el(efete) MNVe-lime 
ing to be taken. 

The channel/canal “discoveries” triggered a multi-generational scientific 
debate about the true nature of the Martian surface. The debate ended in 
the1970s, however, when Earth spacecraft orbited the Red Planet and began 
(o (i= 11 (ore aat-Ve)eliale Mevm ecw sielar-\exomm\Vt-lait-lamer-lal-lsme(-\e)N{-\om [nicom late lhU(eler-linict-NMeleotowr-lale 
surface color variations, which linked together as linear traces in the minds of hope- 
ful observers. What the spacecraft found instead of canals was equally stunning. 


Map of Mars by Giovanni Schiaparelli 
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Mawrth Vallis shows a rich min- 
eral diversity, including clay 
minerals that formed by the 
chemical alteration of rocks or 
loose “regolith” (soil) by water. 
The CRISM instrument on the 
MRO spacecraft has detected a 
variety of those minerals here, 
which could signify different 
processes of formation. This 
surface is scientifically com- 
pelling for the Mars Science 
Laboratory (MSL) rover, 
although some of the terrain 
can be somewhat rough. 
Image credit: 
NASA/JPL/University of Arizona 
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Mariner 4 was the first successful Mars space probe. After seven and a half months in flight, Mariner 4 passed Mars at a dis- 
tance of just under 10,000 kilometers. Its science mission lasted two days. Mariner 4's camera took 21 pictures plus a partial 
image of picture 22 on July 14 and 15, 1965. The pictures totaled were grainy and covered a swath of ancient meteor-pocked 
terrain. Other onboard instruments recorded very low atmospheric pressures and temperatures of -100 degrees Celsius. 

Image credit: National Space Science Data Center, NASA Goddard Space Flight Center 


Today, in a reverse on science fiction, Mars is capturing serious attention as 
a possible destination for human expansion. Although severely lacking in atmos- 
fe) al=1a-Me- la le Mmeviiclalale Mesjar-1nc-)alalel\ am (onan k=lan) e\-1¢-\0|e-\ome-lale Mme(ct-(ol \am(o)alraiale mme-\el-1i(e)aF 
future human colonies on Mars are possible. In spite of its shortcomings, Mars Is 
the most Earth-like of the known planets. Dreamers in space agencies around the 
Vo) alo iar- Iai atom (o)ale(-lamr-¥ <jalepmr-leloleimmsx-yalel|ale mm alllaat-lalswm comm \Vt-lecmecvolaalcier-\\Amm Match Var-las 
Coq NNYA=NVmmlahcssi ie fctiiare maat=m \V/r-Wadr-lam>lanuice)alea(clalm@-lalemcielar-\e,-mce) elelele-le)a\amnnt-lalalemsiela~ 
there will be no major surprises when astronauts arrive. They are lobbying for 
resources and testing the technology to make Martian colonies self-sustaining. 
They are even laying the plans for the transport rockets, surface vehicles, habitats, 
space suits, and power systems. The first steps of going to Mars are being taken. 





In the history of human settlement of Earth, mostly small groups of explorers 
have set out looking for new worlds and resources. Explorers were followed by pio- 
neers and, eventually, by civilization. In our move toward Mars, we have sent our first 
=) o)(o)a-1ese AMM RCLOLOMM UAT Milesim alicia e)t-laloit-1avmce) ole) (em o)celel-mWz-Foml-lUlaleial-loM e)’miaicmeyey (1 
Union. Marsnik 1 failed during launch. It was followed over the next two years by 
four other Soviet Mars probes. Three experienced launch failures, but Mars 1 pro- 
Nile l=toMvr-\er-le)(-m aal(e]ee)aal=1\-1e) al (Mm aat-(elaic1i(emmi(=)(emm-lalemsve)l-Vaau/i [ale Mer-lr- lm el-1(0)c-mere)alt- (el 
was lost with Mars still 87 million km (63,940,000 m) away. Mariner 4, a U.S. space 
probe, attempted the interplanetary trip in 1964. After a 7-month voyage, Mariner 
4 arced around Mars, passing about 9,850 km above the surface (about 6,000 m). 
Its cameras took 21 close-up pictures. Mariner 4’s pictures and instrument data 
succeeded in repainting the Martian surface. No signs of life or canals or oases 
were found, but the pictures did reveal lots of craters. Sensors measured daytime 
temperatures of around -100° C (-148° F) and detected a very thin atmosphere. 
N/Flesme le) eXox-\asve Mm Comm ol-manre)com\Y/ (oleate lL Com tar-la lu =t-latgbd [L<oP 





This picture was taken by the High 
Resolution Stereo Camera (HRSC) 
onboard ESA's Mars Express orbiter in 
January 2004. It shows a vertical view 
of a mesa in the true colors of Mars. 
The summit plateau stands about 3 km 
above the surrounding terrain. The 
original surface was dissected by ero- 
sion, and only isolated mesas remained 
intact. The large crater has a diameter 
of 7.6 km 

Image credit: ESA/DLR/FU Berlin 

(G. Neukum) 


19 





Kasei Valles perspective 

The image shows a perspective view of the southern 
branch of Kasei Valles looking to the east (the image 
has been rotated about 90 degrees counter-clockwise so 
that north is to the left). The southern branch of Kasei 
Valles and Sacra Mensa, with its 1- to 2-kilometer-deep 
graben system, Sacra Fossae, can be clearly seen. 

Image credit: ESA/DLR/FU Berlin (G. Neukum) 
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The rover Opportunity in 2006 captured this vista of "Victoria Crater" from the viewpoint of "Cape Verde,’ one of the promon- 
tories that are part of the scalloped rim of the crater. The view combines hundreds of exposures taken by the rover's 
panoramic camera (Pancam). 

Image credit: NASA/JPL-Caltech/Cornell 


Fortunately, Mariner 4 was only the beginning of direct Martian exploration. 
Mariner 4’s photographic close-ups represented only 1 percent of the total plane- 
tary surface. (By coincidence, the entire surface area of Mars is approximately equal 
to the total dry land surface of Earth.) It would be like judging all of Earth by look- 
ing just at the state of Alaska. As it turned out, Mariner 4 captured images of some 
of the least interesting areas of Mars. These pictures prompted some scientists to 
declare that Mars was a geologically dead world, words they were to regret some 
eight years later. 

In 1971, a different kind of Mariner spacecraft, Mariner 9, reached Mars and 
went into orbit. In the worst of coincidences, astronomers were startled by a planet- 
Wile (oMro[Uls1mnsyKe) aaa mmiar-mu ol-ter-Valmce) anal iare mm woman e)altatsm ol-vie)coM \V-lalalslmmeom Wc: Komecxezal=1e [6] (=10) 
to slip into orbit on November 14. No surface features were visible except the sum- 
nallesMe)im @)\V/n0) eLUEMm\Y/(elalsm-taleMdaome)iat<) am Mar-lesiismZe) (er-lale\ciam Mal MEs)Ke) angi o\-\ey-lame-ley-tialale| 
in late November, and by the time Mariner 9 ceased operations, it had collected 
over 7,300 images covering the entire planet. Mars had a new face: a world of 
'o)gey- (ol o)i-liatswmmanlelelair-\iatsramlan] ey-\ea axel g-1K-]esramesar-lalalsy(ommer-lan\e)alsrmr-lalem\Ze)(er-lalel=ts mre NVC-1 a ie 
ing the largest similar features on Earth. The Mariner spacecraft had revealed a 
iiate |e me (sts) Miele (ome) mal=Mar-lan)|(t-lar-lale mtalomr-lale-toiilen 

Robot explorers continue to probe the Red Planet but with vastly improved 
Tatsitaulant=/auesme-lale Mest-1alsvo) coe Marc cc mm [ome ale)))Var- Mmanleliiiar-Uilolar-lmr-lanat-\er-We)am\Vt-laecwes) ef-lexcree- Ui 
in orbit, roving the surface, or still crunched in bits and bytes in the hard drives of 
nareye(=\ga mmol ¢-\wilale Mm oey- xe tse mn Bsvolelam oko milanl-mcelm tal-Milesimalelaat-lam=)<e)(e)q>lesrer-lalemial=ia 
will come the pioneers. What will they see and experience? The time for Mars has 
come. The chapters that follow take you on a visual tour of the landscapes of the 
next New World. 
































More than 10 percent of the far northern surface area on Mars is 
covered by windblown sand dunes. This HiRISE image shows the 
location where in 2008 the first significant change to sand dunes 
was reported on Mars. That study used a time series of MOC 
images taken over a period of three Martian years and showed 
that two 20-meter-wide dome dunes disappeared and a third 
shrank by an estimated 15 percent. Other, larger dunes in the 
same location do not show apparent change: more time or more 
precise measurements to display evidence of change is needed. 
Image Credit: Credit: NASA/JPL/University of Arizona 
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As the MGS primary mission draws to an end, the southern hemi- 
sphere of Mars is in the depths of winter. At high latitudes, it is 
dark most, if not all, of the day. Even at middle latitudes, the sun 
shines only thinly through a veil of water and carbon dioxide ice 
clouds, and the ground is so cold that carbon dioxide frosts have 
formed. Kaiser Crater is one such place. At a latitude comparable 
to Seattle, Washington, Kaiser Crater is studied primarily because 
of the sand dune field found within the confines of its walls (lower 
center of the MOC image, above). Close-up pictures of these and 
other dunes in the region show details of their snow cover, includ- 
ing small avalanches. 

Image credit: NASA/JPL/MSSS 
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NASA's Phoenix Mars lander monitors the atmosphere overhead and 
reaches out to the soil below in this artist's depiction of the spacecraft 
fully deployed on the surface of Mars. Phoenix landed in the spring of 
2008 on an arctic plain of northern Mars, where there are indications 
of frozen water mixed with soil within arm's reach of the surface. It 
will use its robotic arm to dig down to the expected icy layer and ana- 
lyze scooped-up samples for factors that will help scientists evaluate 
whether the subsurface environment at the site was or still is a favor- 
able habitat for microbial life. A weather station (see vertical green 
line in illustration) on the lander will conduct the first study Martian 
arctic weather from ground level. The dark "wings' to either side of 
the lander's main body are solar panels used for providing electric 
power. 

Image Credit: NASA/JPL/UA/Lockheed Martin 
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NASA's Mars Science Laboratory, a mobile robot for investigating Mars’ 
past or present ability to sustain microbial life, is scheduled for launch 
in 2009. This artist's concept of the robot portrays what the advanced 
rover would look like in Martian terrain. The arm extending from the 
front of the rover is designed both to position some of the rover's 
instruments onto selected rocks or soil targets and also to collect sam- 
ples for analysis by other instruments. The mast, rising to about 2.1 
meters (6.9 feet) above ground level, supports two remote-sensing 
instruments for viewing of surrounding terrain and analyzing the types 
of atoms in material that laser pulses have vaporized from rocks or soil 
targets up to about 9 meters (30 feet) away. 

Image credit: NASA/JPL-Caltech 
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This image, a composite, was obtained 
by the OSIRIS Narrow Angle Camera. 
At the southern part of the planet, the 
southern spring polar cap can clearly 
be seen. At this time of the Martian 
year, a large fraction of Mars's atmos- 
phere is evaporating from the southern 
polar cap and will migrate to the 
northern polar cap during northern 
winter. Over most of the Martian disk 
one can see large cloud systems. 


THE TWO FACES 


OF MARS 


alsiiatslane) an ale lam l\\/ (clasts isis mts lau abal| .<sm ime lowes) 


UTallo[0l-mw zo) (oMlame-Wete)l-lare)\Z)1-100 ole) e)0]t-1kcre 





by distinctly unique planets. Mars Is classi- 
fied as a terrestrial or rocky planet, along with 
Mercury, Venus, and Earth. Beyond Mars and 
beyond the wide and loosely packed Asteroid Belt 
are the giant gas planets. Jupiter, the largest of all, 
contains more matter than all the Sun’s other plan- 
=} ks War>ts}ks) 40) (0 (sfar-Valo mexelaa(s)kowere)an|e)ial=\e mm @)amr-Wrs})4>) 
scale, Mars is the second smallest planet after 

NEY ger0 | aVan (olan alice Mipar-V|(sXsVmlmOlUM-leoMcii]| Mare)(ellave mele 


for Pluto). It is only one half the diameter of Earth. 


yaNm o)F-\al-1m@esws 0) ahV/sj(er-\imeqar-le-(e1(-1a sys (eromr- lao We(-)e1-)a(e(-)alme] ofe)am- mw /le(-Me-lale (> Melm=)a\i be 
olalantsuaie=\ mre (el \e)esramlalen0lel late msi4-mmme|[it-lalex-Mice)anmig(-Mole lane celr-vilolame-iicme-b<r-limillialep 
composition, and atmospheric density. Starting with Mercury, we find a world that 
is thoroughly baked by the Sun. It rotates one and a half times with each 88-day 
orbit. With virtually no atmosphere to balance temperatures, Mercury's “weather” Is 
either beastly hot (467° C, or 872° F) or beastly cold (-183° C, or -297° F), 
depending on which side you are on. Its surface Is heavily cratered and moonlike. 
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These two spacecraft images show the 
size relationship between Earth and 
Mars. In spite of the obvious color dif- 
ferences, both planetary bodies contain 
water, though much of Mars's water is 
now locked up as ice beneath its sur- 
face. Mars is slightly larger than one 
half the diameter of Earth. Squished 
together, it would take about six and a 
half planets the size of Mars to equal 
Earth in volume. The surface area of 
Mars is approximately equal to the 
total exposed land surface of Earth. 





i AV irexswr- om rol ani de)anivatsmrelelamm’(=)al0 lcm lcw- We) (er-lal(em\ie)a(omele)iccvom/ilalm=)alcmeyaiale)e bs 
sands of volcanoes and lava-covered plains. It is Earth’s twin in size. Planet-wide, 
Venus is as hot as the Sun-lit side of Mercury. It has an atmosphere with a surface 
pressure 90 times greater than Earth’s. Consisting predominantly of carbon diox- 
ide and perpetually cloudy, the atmosphere captures and holds the Sun’s heat. 
AV(TaUKsmiswr- Ws ©)-ValumauValcicome|(e)ey-UmWc-Uannllale Mat: (ome (e)al-myVI(ep 

Earth, third outward from the Sun, is sometimes referred to as the “Goldilocks 
Planet” because it is at the perfect distance from the Sun (neither too hot nor too 
(oxe)(o) Mau =t-Va lal cM aat-cScN\ eM) avelelo] am COM anr-Uialt-Viame-Wclelescir-lalit-l-liatels)e)a\-icoMm lia lr- We [elere 
balance of oxygen and nitrogen. Its temperature range is perfect for water to exist 
in its three forms—liquid, solid, and gas—and for many chemical reactions to take 
fo) F-Vor- am Mal ismoro)anle)iar=li(e)amant-U.cocom =t-laigindalomer-lce(-lall e)[-la(-/m elm ia(-Mele)i-\are)\ (oa m-Tale 
home to the only known life in the universe. 

pV oXole) mar-lim-\el-Vlamielavalcimicelanmia(-moleamial-lal =t-laiaMicm ial-Me)ge)]t- 10s) ey-(ex~ 
that Mars inhabits. A small rocky body with a very thin atmosphere, 
Mars ts a world of contrasts. Its surface contains a record of geolog- 
ical events that span 4 billion years. Today, Mars is home to some of 
idaromanloysiae|e-laqr-ldleme(-to)(ofel(er-limie)anat-1i(e)alsmlamialo mele) i-lare)'Z51<- 110mm lars liye) 
can be said that Mars has a split personality. Approximately half of 
da(ow e)(-la(o] Mm talomsvoloidal=\aamallelalr-lalelswm smaatelelaie-lialelelcwm Mallcw-lact- My calle)ins 
extensive cratering and much erosion and resembles the lunar high- 
F-laetswm [ammesl 6) o-r-1n-la(exo mam © (-1e)(ofe|(er-1|\VAMuaromm alle] alt-lalefsmmexe)aitsl[amm iat Mmnareysy| 
later (sialmesielars\erssomelim \V/ (Lesh 

i Mateme)ial=\amar- me) im \Vtclecwsuesielar-\eom =) alere)an] oy; lstsi-tomn alow are) giao laa edn al-lare| 
areas. These are a broad and relatively smooth series of interconnecting 
plains comparable to the lunar lowlands. Their surface consists of basaltic lava 
flows and sedimentary deposits. (Weathering of the basalt leads to the rusty 
color of the planet.) These two faces of Mars are nearly equal hemi- 
spheres that are tilted to the planet’s equator and separated in some 
places by a 2-km (1.2 m)-high scarp. 















Although exaggerated in these images, the Martian topography is stunning. The planet is dotted with 
mammoth volcanic mountains, sliced by deep chasms, and divided by ancient cratered domains and 
broad, smooth plains. The darkest colors on these computer-generated maps represent the lowest eleva- 
tions, while yellows, reds, and whites reveal the highest elevations. These two images were based on data col- 
lected by the Mars Orbiter Laser Altimeter carried by the Mars Global Surveyor Orbiter. The upper image depicts 
the Martian southern hemisphere while the lower depicts the northern hemisphere. 


ra | 
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This first three-dimensional picture of Mars's north pole is not an anaglyph, like the ones at the end of the book, so do not use 
your glasses on it. However, the technology enabled scientists to estimate the volume of its water ice cap with unprecedented 
precision, and to study its surface variations and the heights of clouds in the region for the first time. 


(@7-T0) o) [ale Mm \Vt-leswom ce) rs li(elar- lim ole) (otom-la-ml- le [om ()(e (ome) mW Z-1K-/ar- ale mel aval (exom tar-VMn\r-1AV) 
in surface extent and thickness with the seasons. Because of the rapid changes 
occurring at the poles, the polar regions exhibit some of the youngest surface fea- 
tures on Mars. 

NE Veswrolg olicciuia(sMolelame-lmr-Wanl-y-1almeltsit-laler- Memes sia anil |iCelam «nam @-eeamanllii (ela aade 
The orbit is fairly eccentric (elongated), causing it to vary from 207 million km (129 
million m) at perihelion to 249 million km (155 million m) at aphelion. It takes Mars 
687 days to orbit the Sun. Other orbital properties are Earth-like. Its day is 24 hours 
and 37 minutes long. It currently has a season-causing axial tilt of 25.2° (Earth’s is 
23,50): 





This false-color image shows the lay- 
ered deposits on top of the north pole 
and the darker materials at the bottom, 
exposed in a scarp at the head of 
Chasma Boreale, a large canyon that 
eroded to form these layered deposits. 


The deposits appear red because of 
dust mixed within them, but they are 
ice-rich, as indicated by previous 
observations. Water ice in the layered 
deposits is probably responsible for the 
pattern of fractures seen near the top 
of the scarp. The darker material below 
the layered deposits may have been 
deposited as sand dunes. It appears 
that brighter, ice-rich layers were 
deposited between the dark dunes in 
places. Exposures such as these are 
useful in understanding recent climate 
variations. 
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Martian Time 


NOYAN@ a ANN =i aval 
4.5 to 3.5 billion years ago (+ or —- 
100 million years) 


The Noachian Era began 
Wim talcur- Cele] cctel-lile)amelmcxe) (=f 
nebula matter into the planets of 
the Solar System. It was a 
fel=)alore mem alts \arsihcmce)cer-lalisian 
reVave Me {s)e)dlow ofe)paley=1ne lens) al Ms) al=) be 
(o{=yilom=1ce)s}(0)ahmr- lace meroye)|iale Pam mals 
early Martian atmosphere was 
STelaliiterlali\axelsvarsxolam tats lamceyer- WA 
and watery bodies, perhaps 
oler=r-1alsyaere)'/-14-10 [= Ine (=m ole) ai(olars 
of the surface as the era was 
ending. Water flowed freely and 
sculpted the surface 


This 4.5 billion-year-old rock, labeled 
meteorite ALH84001, is believed to 
have once been a part of Mars and to 
contain fossil evidence that primitive 
life may have existed on Mars more 
than 3.6 billion years ago. The rock is a 
portion of a meteorite that was dis- 
lodged from Mars by a huge impact 
about 16 million years ago and that fell 
to Earth in Antarctica 13,000 years 
ago. The meteorite was found in Allan 
Hills ice field, Antarctica, by an annual 
expedition of the National Science 
Foundation's Antarctic Meteorite 
Program in 1984. 
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HESPERIAN ERA 
3.5 to 2.5 or 2.0 billion years ago 
(+ or — 500 million years) 


The Hesperian Era was a 
time of transition from the vio- 
KeYater= re) mm dal= mah (ey-(ezalt-lam =e comial= 
NW/FeTesmre) im Kole F-WVAM\Vtclacw=).<e-la(slalercte 
J[elalliverslalmexeye)ilale pr lalemclelar-\ex> 
water settled in and froze in 
subsurface rocks. Rivers contin- 
ued flowing but at greatly 
reduced rates. Rapid melting of 
frozen groundwater led to quick 
“breakouts,” resulting in massive 
KoYer-\ imi fefete [se 
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ANT AWA@) NINN al ea 
2.5 or 2.0 billion years ago to 
Present (+ or — 500 million years) 


The Amazonian Era is char- 
acterized by a thin atmosphere, 
o [avar-Vale ie (1s) \Vareze) ale litle) alsMmis\o74u 
ing surface temperatures, and 
occasional water releases, prob- 
le) Vm icelanm (exer-Uiy4-\e Mle Maalsiitlarep 
AV(o)Kor-Talisianme-Uare me(=)ela\smlan] er-\eqks 
ofo}al iialeromolejmr-vmr- Myo lallicer-lalany 
lower rate than in the previous 
eras. 








This simulated view shows Mars as it might have appeared during the height of a possible ice age in recent times, geologi- 
cally speaking. 


Of all Solar System planets, Mars has the climate most like that of Earth. Both are sensitive to small changes in orbit and 
tilt. During a period from about 2.1 million to 400,000 years ago, an increased tilt of Mars’ rotational axis caused increased 
solar heating at the poles. This polar warming may have caused water vapor and dust to be thrown into the atmosphere 
and deposits of ice and dust to form on the surface down to about 30 degrees latitude in both hemispheres. That is the 
equivalent of the southern United States or Saudi Arabia on Earth. Mars has been in an interglacial period characterized by 
less axial tilt for about the last 300,000 years. 


In this illustration, prepared for the December 18, 2003, cover of the journal Nature, the simulated surface deposit is super- 


imposed on a topography map based on altitude measurements taken by Mars Global Surveyor and images from NASA's 
Viking orbiters of the 1970s. 
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Because of the length of the orbit, Martian seasons last about twice as long 
as Earth’s. However, the seasons themselves on Mars are unequal. Due to Mars’s 
orbital eccentricity, summer in the southern hemisphere (when the south pole tilts 
Koy iVZ-Vce iat Molela) Mororels |ecwol0lelare Mm elzlalar=)(olammy Zale laM \/-lecm Imanrenlalementelacme-\ elie |\Vmlamies 
orbit. This results in a shorter southern hemisphere summer than the summer in the 
ake)aigt=)aalmal=laalts)e)a(claoPmw/aal(e1aieleze0|esmellldlalem-le)ar-)|(e)aramal=/alm\Vt-lecm om nate) alate Resi (e\ cle 
The lengths of winter reverse with a northern winter that is shorter than winter in the 
south. 

Remarkably, the axial tilt of Mars is changeable. Mars does not have a massive 
SyoHslILIKSHMn IL Come mts la Nae (0lstowm Kem) F-1e)||/4om| Kom geltciid(e)am-lalem i) auialswr-b <t-\ ind ]imm |me(el=tom ar-\omase) 
moons, but they are irregular-shaped asteroid-sized satellites about 27 and 15 km 
(17 and 9.3 m) at their widest points. The two moons, Phobos and Deimos, the 
colaat-\a Maye) ae (sim ce)anict-lar- Lalo mela cy- (om Z0)] om-1ce)0]alemmaal-mo)r-lal-1al lame) se)iccmr-l1ilale me) al aw ate) 
and 30.2 hours, respectively. Without a stabilizing moon, Mars’s axial tilt can shift 
to as little as O or to as high as 40°. Higher axial tilts would cause Mars’s poles to 
lol= of-1dal-\o [a mo1010me) am anlole-Mel-\\-smeo)mere)alijalecolersm—ielali(e|almel6laiale M-y-(e1ame)ge)| ml ace)t-l mu alct- te 
Tate MW celelComa=s=10]1 Milam: Warsr-Vahvaxero)an] e)(-1(oMco)(-r-toxo elim of0)-1 an -1K-) ar-lale mer-lgolelame|(e)<e(- Ke) 
the atmosphere. The impact on the climate and the surface features of Mars would 
lel mexe)alsy(el-1¢-1e](o¥ 


Navigating Mars 


Se what seems like iomUl am ialcolele|amiat-liaxerelelalig(=ssy dalcolele lam darome)(e(-xsyancclae-llame)i 

a good idea comes back to __ the coordinate system on Mars Mars—Noachian Terra. 

haunt us. The United States is was Set up the right way from Mo) ate [iae(el-malelan|e\-lesmol-\e]lam-lmmial= 
still locked in the cumbersome the beginning. Like Earth, Mars prime meridian (0°) and increase 
British System of measure- has an equator based on Its axis westward until the planet is cir- 

natsdalecwmr- tare me [=\ele][¢-le)al(em(e)ale ts of rotation (halfway between the cumnavigated back to the start- 
tude is confused by east and nXo)aiale- lato Mtsxol0] 1am oXe)(<1:) Mis iat (cWr- Mm [ae Im O0)] a) 8 (o101 000 MM al= Wl (oler-Vile)aIKe); 
west directions and a dateline of prime meridian that intersects any feature on Mars Is described 
180°east or west of the Prime iaveMere [0 f-VKe) ar-lale dU lalom ole) (-MKe) as 0° to 90° north or south lati- 

NW/Kexate [r-VaPmnAYAlda Malem efe)[iiiedr-Vars ‘oXe) (<a Malou (oler-vi(o)aie) mani) dlanl= tude and 0° to 360° longitude. 


lobbying for the Prime Meridian —— meridian was chosen to run 





In spite of climatic variations, Mars has been a relatively stable planet over 
eons of time. On Earth major crustal movements and wind, water, ice, chemical, 
laren e)(e)(ole|fer-1m=1ce}sy(e)a exe) al dialer-vihmcciealele(=1M mt laa Woms10|ar-(ex-mm mr-laloMiomolel|/melom-lalemt-lare 
is torn down. Consequently, most of Earth’s exposed land surface is less than 1 bil- 
IKoYaMa'{=x-leswxe)(o Pur lale Moll] Ko1ge) oxsmanlela-Wial-laiom e)||i(0)aMm\i-r-lesme)(e m= laom-).(exct-lel|ale | alee lacy 

OTA M\Y/F-lesmm tal-w oy; (exo me) meral-lale[-mIsmes}(e))\ A ol6] MIL CoMmiatomm ola Ko)is(-Mr-lale Mdalomal-lcowmir-le)(-¥ 
the cumulative results are dramatic. Mars has a full range of surface ages stretch- 
ing from the very young to the very old—4 billion or more years. It preserves many 
(o) Mi iesM lanl of-\eqesrarsrs) eL-Veli-li mam calomsvelelialo lea alle lait lalelsm Olam =t-laammial-Mc0lar-(exoM-viicreiesMe)| 
impacts have largely been obliterated by erosion. 


This image, taken by the High 





Resolution Stereo Camera (HRSC) on 
board ESA's Mars Express spacecraft, 


is one of the highest-resolution pic- 
tures so far of the Martian moon 


Phobos. It shows the Mars-facing side 


of the moon, taken from a distance 
less than 200 kilometers. 
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Images from Mariner 9 in 1972 
revealed that some of the mesas and 
mounds found within the chasms of 
the Martian "Grand Canyon'"—the Valles 
Marineris—have layers in them. 
Speculations as to the origin of these 
MGHUMCNECUMIPICICISM EIU MICU 
volcanic ash deposits to sediments laid 
down in lakes that could have partially 
filled the Vallis Marineris troughs, 
much as lakes now occupy portions of 
the rift valleys of eastern Africa. The 
proposal that the Valles Marineris once 
hosted deep Martian lakes led to spec- 
ulation about the possibilities of finding 
fossil evidence of Martian life. 

Mars Global Surveyor (MGS) Mars 
Orbiter Camera (MOC) images have ten 
or more times better resolution than 
the Mariner 9 and Viking orbiter 
images taken in the 1970s. MOC 
images have indeed confirmed the 
presence of layered outcrops within 
the Valles Marineris. The layered rock 
is now visible because of faulting and 
erosion. The high-resolution picture 
shown here was the first image 
received by MOC scientists that began 
to hint at a larger story of layered sedi- 
mentary rock on Mars. The MOC pic- 
ture shows an area in far southwestern 
Candor Chasma that was not previously 
expected to exhibit layers. 

Layers indicate change. The uniform 
pattern seen here—beds of similar 
properties and thickness repeated over 
a hundred times—suggest that the 
deposition of materials that made the 
layers was interrupted at regular inter- 
vals, Patterns like this, when found on 
Earth, usually indicate the presence of 
certain underwater environments. On 
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Mars, these same patterns could indicate that the 
materials were deposited in a lake or shallow sea. 
Other MOC images suggest that these layers would 
not have formed in a lake, but instead were deposit- 
ed in a crater or other basin that existed before the 
chasm was cut into the surrounding terrain, watery 
or otherwise. 





Tectonic fractures within the Candor 
Chasma region of Valles Marineris 
retain ridge-like shapes as the sur- 
rounding bedrock erodes away. This 
points to past episodes of fluid alter- 
ation along the fractures and reveals 
clues into past fluid flow and geo- 


chemical conditions below the surface. 


The High Resolution Imaging Science 
Experiment camera on NASA's Mars 
Reconnaissance Orbiter took this 
image on Dec. 2, 2006. The image is 
approximately 1 kilometer (0.6 mile) 
across, 
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The crust of Mars is not broken into movable tectonic plates, as is Earth's 
crust. Movements are primarily up and down rather than horizontal. Its long-term 
stability and lower gravitational attraction has resulted in the buildup of huge vol- 
canic edifices dwarfing similar features on Earth. The mass of these features has 
stressed the nearby crust with many small and large rifts that have widened through 
ETalelsjite(-tomr-Vale mesielar-\ei-mexe)| (<1 e\cio¥ 
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We All Have Our Problems 


he news Is full of stories 
Floleleime)e)er-limiie-lanaliare Me lale, 


distance from the Sun, is a frigid 
Wo) a(o Mm oe |(eley-\iYiVe-lanaliale Mualcias 


albedo, or reflectivity. Darker 
surface rocks absorb more heat 


11c0)0ain Walsmrelelamerlare mcxe)aa(sme)mialis 
heat is transferred to the atmos- 
phere. Like on Earth, unequal 
alsx-udl ale Im (cx-Ce fom come ligaless) e)al<lale; 
circulation—wind and storms. 
Malis (cx-Celsmcom o)(e\ Viale melelsmmanlela~ 
alcx-uilale Pmsy ace) a(e(>) maw alale oMmanlelas 
dust, etc. Computer weather 
narexe{=)iom lave | (er-1k- Mint mea(e1(o VII 
(ore) aiiialel=Murclare Me)alsMe)MItcM=)iisvelks 
will be increased Martian polar 
or-Tomaaieyitlalemmetelelarelomil «om =t-latal 


WV ar= 1m ©){- Vals tal de(-mezal-laletsrsmaal(e lal 


A"AV(¢)| Fi ato) axe [0 ]IX- Wm © 1(e)ey-Vinnc-lanaliale 
doesn't mean a planet gets hot. 
It just gets warmer than normal. 
) Ife] alan ccvan) eXole-W0laomezar-lalelstsmer=l a) 
[c¥-Vo Mi Comm ant-l(olarsielar- (exo merar-lale[osce 
DTT) meal \\/[-lesmr-¥e) elcr- lessen ol= 
idalete(=\alate mr-Wme|(eler-VmnWe-lanaliale 
trend that has warmed the 
planet by 1.17° C (2.1° F) over 
the last 20 years. Strong winds 
on Mars can sweep light-col- 
o} g=\o Io] Ul=] me) jim iat Mslelar- (ero m-lale, 
nare\.comm (eXer-lezar-lale[-soml aim tals 


nalcr-lamcomielielc-Mel-lal-1e-1l(e)alomele 
Earth. One of the advantages of 
studying other planets is that 
scientists can observe the 
effects of widely differing condi- 
tions without using Earth as a 
test tube. A very dense carbon 
dioxide-rich atmosphere on 
AV(TalUlswr-lale Ml tsmm o)ce) dani nvm em dare 
Sun have led to runaway global 
warming. Mars, with very little 
atmosphere and a far greater 





Erosion on Mars Is apparent. Sedimentary rock layers that extend for great 
distances are especially visible in the northern lowlands. Martian winds have 
So10]| ©)X=\e cole) @r- ale e)gote ll (ex-\om|[e|alm-laemel-Va @rclelar-(exomsligcr-1.com-lale MiValale mslar-le (eV uarelt 
indicate wind direction. Sand dunes cross open plains and fill in crater floors. 
Streaks, caused by dust devils, can be seen from orbit. Although liquid water on the 
surface Is rare, there is strong indication of past wetter times in the many braided 
channels preserved along slopes. Currently, the dominant surface-shaping forces 
on Mars are wind, landslides, meteorite and asteroid impacts, and volcanism. 


These images, taken by the High Resolution Stereo Camera (HRSC) on board ESA’s Mars Express, are of the Acheron Fossae 

region, an area of intensive tectonic (continental ‘plate’) activity in the past. The images show traces of enormous stress and 
corresponding strain in the crust of the Red Planet. The feature is situated about 1,000 kilometers north of the large Olympus 
Mons volcano. . 
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This picture, from March 2005, is a com- 
posite of daily images acquired by the Mars 
Global Surveyor during the previous year. 
The picture shows the Syrtis Major face of 
Mars when it is spring in the south and 
autumn in the north. 





TO HELLAS 


PAN, | oe = 7. \ od 


he orbit of Mars keeps the planet just out of 

clear viewing range. Even with the best Earth 

telescopes, Mars Is still a blurry world of light 
and dark. Much is left to the imagination. Regar- 
dless, observers of a century ago constructed fan- 
tastic surface maps dotted with amazing features 
that have mostly disappeared with clearer views 
from orbital spacecraft. However, some of the lar- 
gest features survived. In 1659, Dutch astronomer 
Os aTalsiit-lale mlON\fe(-)atswes).<-ikelal-romr-Wmalule(omuat-lalel0ll- lee 
shaped shadowy feature in the mid-Martian latitudes. 
Over time, he improved on his sketches and added 
a bright circular area at the South Pole. The circular 
feature was likely the first observation of the Martian 


So] Uh 4am ole) t-laxer- ley 


Over the centuries, maps of the triangular patch, christened Syrtis Major, 
became less sketchy and more refined, with a graceful curve that swept towards 
the west. Observers noted that the darkness of the patch and Its size seemed to 
NET AVANVAIN an dal=Wsxcr-Fs1o] aloe Mal =yVaes) oX>(e1]-K-\o Mmaal-1mialom of-tKe1a mel c-\war-laremel-la <-)a[-\em ol-\er-lUfsi—) 
Syrtis Major was covered with vegetation. Vegetation was thin and light in the 
W/FeTadtelaiesyo)aiale im ole) mer-\a @r-lalemlOrsiaM iam ialomicllp 








Using an early telescope, astronomer 
Christian Huygens created one of the 
first sketch maps of the Martian sur- 
face. In 1659 he drew shadowy surface 
features that are thought to be the first 
record of the Syrtis Major region of 
NETS 





Willian Rutter Dawes was another of 
the nineteenth-century Mars observers 
that mapped the Martian surface. Here 
is one of his representations of Syrtis 
Major. 
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With Mars in a favorable position in the 
sky, Giovanni Schiaparelli created a 
highly detailed map of the Martian 
surface. Numerous straight lines, he 
called canali, crisscross the surface. 
This map, based on the 1877 observa- 
tions, was the starting point for a 100- 
year-long debate on whether or not 
Mars was inhabited by intelligent life. 
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Abruptly, the vegetation hypothesis gave way to data collected from orbital 
spacecraft. Like much of the surface of Mars, Syrtis Major is covered with basaltic 
lava similar to the basalts of Earth. Laser altimeter measurements enabled scientists 
to determine that Syrtis Major is actually a low conical volcano that spans 1,200 km 
(746 m) and rises 2 km (1.2 m) to its central caldera. The light and dark of Syrtis 
Major are due to weathering effects. Basalt, a dark gray volcanic rock, weathers to 
a lighter rusty brown. The weathered surface flakes off and alters, especially in the 
presence of moisture, to a still lighter-shaded dust. Seasonally, Martian winds 
transport the dust off the gentle slopes of Syrtis Major, exposing fresh basalt and 
making Its surface appear darker again. Further weathering rebuilds the dust coat- 
Tate Maine: mey\eq(=mr-\execole]aii| ale Mcolanialom oldie |alial-tstomezal-lale(-some)aleiom-Niig]ol0]K-\o Mm CoMY{-\e(-1r- Nile) aR 

There were other Martian features visible from Earth, but again not with 
Yalolule] aMedi-\ai Van Colm ol-Mex-lar-llamelamcars)|amar-Wiela-Wam @)a(-MW7-tour- Ml t-lge(- Mel [cele -lmu ef-lkelamellcocelihy 
south of Syrtis Major. In early charts, the patch was sketched as an area brighter 
than the surrounding land. Observers noted that the patch was typically brighter in 
idaromane)aaliacem-valeme|iaalantcxemr-tomvatcm\Yt-lant-lamer-hVmiVeleo mela 

It wasn't until the Mariner 9 spacecraft orbited Mars that the bright circular 
patch was revealed to be a huge impact basin with a diameter of about 1,700 km 
(1,056 m). In its early days, Mars was struck with an asteroid that generated 
enough kinetic energy to blast out a crater large enough to cover the state of 
Alaska. The floor of the crater, properly identified as an impact basin because of Its 
size, is a relatively flat plain that lies 8.2 km (5.1 m) below the surrounding uplands. 
It is the lowest region of Mars. The feature was named Hellas Planitia by Giovani 
Schiaparelli, after the ancient Greek name for Greece. 
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This is a regional topographic model of 
the Hellas basin. The Hellas basin, the 
lowest place on Mars, shows its profile 
in the diagram above the false-colored 
image. The elevations of the profile are 
highly exaggerated to show detail. Reds 
and yellows in the image mark the 
highest elevations of the basin and the 
blue and violet its depths. The black line 
indicates where the average or zero ele- 
vation of Mars intersects the basin. 
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Richard Proctor made the first system- 
atic attempt to create a nomenclature 
of the surface features of Mars. He 
identified oceans and continents and 
curious ring-shaped water bodies sur- 
rounding the Martian poles. This map, 
published in 1871, shows the Martian 
south pole at the top and the north 
pole at the bottom. This is an accurate 
view of what he saw through his tele- 
scope. Astronomical telescopes typical- 
ly invert and reverse images. 
“Correcting’ images require additional 
optics but diminish the optical quality 
of the image in the process. 
Astronomers prefer better image quali- 
ty to corrected displays. 
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Dating the Hellas impact is somewhat difficult, but clues abound. The circular 
Yolo (=e) im m(=lit-\smesyarele] (om ol-mr-Manlelelalr-Vialelelom alanie|ge)e)e)ialemciic\~) 0) \amke)uyc-lcersmial= Malan] er-teq! 
ox=1ahi>lae- ale msj(e)e)/aremanlelg-mele-(oler-\| hymn commsal-Molulrs}(e(-Mmlarsi(cr-\oMmialo Walaa sierpr-le-Ce1t-lqr4cle 
by low hills intersected by rough valleys that indicate a long period of wear. The 
debris, mounded up around the basin by the explosion, consisted of rubble that 
WYZ-KoM t= Ist NAS) cele(-\e Mu avalen(=)almele-liat-\e(omezar-lalaic)icmlaltciesy-\eu malo Mala i-lalem of-t>)ia lm i(ere) em ale lis 
cating wetter times on Mars. Presumably, the rim was worn down long ago by the 
action of water and wind. 

Another age-dating clue came from magnetometer studies of Mars. Mars is 
rllaateysymne(=\V(0)(0 Me) m= mel] oLe)-lamaar-\elal-vi(emi(>)(e mmm [a ie)sal-1an)\(o)ce (sMmmIUINUlc-Ml \V/(-lait-lalm>).¢0) (0) e165 
would find a compass useless. Earth has a planet-wide magnetic field that is gen- 
erated by the slow movement of molten iron in its outer core. A lack of an easily 
detected dipolar field indicates that the core of Mars Is largely solid. However, it 
wasn't that way in Mars’s early days. 

AMat=wa'colelave iu\y/t-leswm at-\o Mr-Vamer-\e1#h\(-mm exe) ¢-mr-lalo M-lalm-(ezere)an| ey-laniilalemmaat-lelaicii(emmil=1(ep 
However, unlike Earth, it did not have the size necessary to sustain internal heat and 
core movements over 4 1/2 billion years. Today, only remnants of its magnetic field 
RUAEUAMM Mate Maclanlar-laice-lecmlalom plea labecxelel ialr-litelalenta/aiecme)manr-Velat-vilemeallateve-Vicm (coming 
ores] oF-toxcMmala\=10 (toi ixey2a iam o)/-\ex=) Mm lal-Vmmelerell lar eve Mr-VoM-Y-la lam \V/-lgit-la lm cele). <mcve) [el lilaxe 
and are detectable in the southern highlands but are wholly absent on the floor of 
the Hellas basin. It appears the impactor that created the basin blasted a hole in 
idarommanrs(elalsya(omallelalt-larefsme-litcimml’/(-leswowme!| eXe)t-lami(c)(e Mm ats (ommr-(o(-\o Mm @xe)alsi-1e[6[-lal i \’ mantle be 
netic mineral alignments in the basin were not reestablished in the cooling that fol- 
lowed the impact. 


Details in a fan-shaped deposit discovered by NASA's Mars Global Surveyor orbiter provide evidence that some ancient rivers 
on Mars flowed for a long time, not just in brief, intense floods. 

Today, the fan is today a deposit of sedimentary rock. The fan's general shape, the pattern of its channels, and its low 
slopes provide circumstantial evidence that the feature was an actual delta, that is, a deposit made when a river or stream 
enters a body of water. If so, this landform is a strong indicator that some craters and basins on Mars once held lakes. 

The picture is a mosaic of images acquired between August 2000 and September 2003. North is up. Sunlight illuminates 
the scene from the left. The fan is in an unnamed crater that is 64 km (40 miles) in diameter. The crater lies northeast of a 
larger one named Holden Crater. 

The fan is a fossil landform. That is, it is an eroded remnant of a somewhat larger and thicker deposit. The originally 
loose sediment was turned to rock and then eroded over time. The channels through which sediment was transported are no 
longer present. Instead, only their floors remain, and these have been elevated by erosion so that former channels now stand 
as ridges. 
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As the rover Opportunity continues to traverse from Erebus Crater toward Victoria Crater, it navigates along exposures of 
bedrock between large, wind-blown ripples. Along the way, scientists have been studying fields of cobbles that sometimes 
appear on trough floors between ripples. They have also been studying the banding patterns seen in large ripples. 

The origins of cobble fields like this one are unknown. The cobbles may be a lag of coarser material left behind from 
One or more soil deposits whose finer particles have blown away. Or, they may be eroded fragments of meteoritic material, 
secondary ejecta of Mars rock thrown here from craters elsewhere on the surface, weathering remnants of locally derived 
bedrock, or a mixture of these. This is a false-color rendering that is used to enhance differences between types of materials 
in the rocks and soil. 


The most obvious indicator of ancient age is the location of the basin. The 
basin overlies the ancient southern cratered highlands. The impact is therefore 
likely to be younger than, or at least coming at the end of, the great episode of 
intensive meteorite and asteroid bombardment that characterized the early days of 
Solar System formation. Strong evidence of the bombardment is clearly visible on 
itarom YU Coxelame-VaCoMm \Y/(<1ce10 lava (=a (o(-lalex-Me) Mm lal-W efelanley-Vcelnalclaimolam=t-laaM Maal lalial-lemelOl=m Co) 
the continuous active remodeling of the surface with volcanism, plate tectonics, 
and weathering.) On Mars, this early period is known as the Noachim era (4.5 to .5 
billion years ago). The Hellas impact probably took place between 3.8 and 3.7 bil- 
lion years ago. 





With its severely eroded rim, one would expect the depressed floor of the 
Hellas basin to be filled with wind-blown sand and dust, resembling a giant sand 
trap on a golf course. It is partially filled with sediment. However, the covering is 
uneven, and sedimentary layering is distinctly visible. Wind or water-transported 
sediment was deposited in the basin over long periods of time and eroded during 
other intervals. 

i Mat-miclarsvelelialslaam (-viidele(ome)mdaloW m(-)|t-toml ma l-Ualiit- = lale ml ecm Ce) vance) efolele-lelaliem-liiliele(= 
makes It one of the coldest locations on Mars. During the mornings, especially, the 
1i(oXe) am aat-\Van=><nllo)ime- me) allit-lalmnyUalix-mexey-\ilale Mm e)mmer-laete)aMmel (ey ((el-micyale))ansal-lmesie] e)|laar-licrs 
back into the atmosphere during the warming of the day. This accounts for the 
brightness of the basin observed long ago. The basin of Hellas Planitia is a fairy- 
land of swirls, dunes, layers, bedrock, and temporal frost 


Rates of change in surface temperatures during a Martian day indicate differences in particle size in and near Bonneville 
Crater. Temperature information from the miniature thermal emission spectrometer on NASA's Mars exploration rover Spirit is 
overlaid onto a view of the site from Spirit's panoramic camera. 

In this color-coded map, red during the day suggests sand or dust. (Red is about 270 Kelvin, or 27° Fahrenheit.) An 
example of this is in the shallow depression in the right foreground. Areas that stay blue longer into the day have larger rocks. 
(Blue indicates about 230 Kelvin, or -45° F.) An example is the rock in the left foreground. 
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Color mosaic of Olympus Mons volcano 
on Mars from Viking 1. Olympus Mons 
is about 600 km in diameter and its 
summit is 24 km above the surround- 
ing plains. (Viking 1 Orbiter 
MH20N133-735A) 


SNOWS OF 


OLYMPUS 


Arc lal que liN Aan tales \V/f-lalals@medm \V/(-leste @)g@el-Man\-omr-la 


orbital mission. Had it been another flyby 





spacecraft, Its cameras would only have record- 
ed pictures of dust. The planet-wide dust storm 
W/FeVa Tals] @mcumsyarexele [alilac\e Mur- tom] m1] 0) 01-\e ml lalceme)ae)im 
obscured the entire surface. Except for a few dark 
patches, Mars appeared featureless. But, intriguing- 
Man Ua lo}s\-mor-\a.qu ex-1Ke1al=xomant-lcezal-1emnal-merole) cellar ikctsme) | 


an enduring Martian mystery. 


Tam alum Rol 0] 0}>yur-ts) 0c) a(0)aq(=) asm ale)s(er-\o ml ol-1es}(<)(-) a] mm Ol ONMa\-lat-le)(- mo) a(e alms) ele)rsme)almial~ 
Martian surface. The spots were located in the broad Tharsis region. Three of the 
Sj ofelismie)analcrem-Msiie-le|almllalomaar-vmlaliclesyo\eatcvom-lale msi ig-(ele|(-rom ole)igmsy(e(-\Molmialom\tclairela 
equator at approximately 110 degrees longitude. Another spot was 20 degrees fur- 
ther due north. The largest and brightest spot was slightly to the west, at 130 lon- 
gitude, 20 degrees north latitude. Giovani Schiaparelli, soon to be famous for his 
NW/FeTadtslalmerslat-l ie) els\-1avr-1i(e)alsemar-laalsve Mm NI) @ ©) hVian) ©) (or tar-Viko lam ial-Mert-tsts}(er-1 I © 1¢2\>). a) a0) i 
(or- 10) of-Yo Ml alolaai-melimial-me [ole lsy 

exo) @mmnnve)c- Mm iar-Va ler lm alelalelcc\omm\(-r-leceam \Vt-lair-la mr 14ce)a(e)aq(>1 eum al-(OMme)es\>1a(-(e mmel-lINV/ 
brightness changes in Nix Olympica. On occasion, the spot appeared to be ring- 
shaped. Normally, brightening occurred in the early afternoon, Martian time. By 
evening, the spot would rival the brightness of the polar caps. Next morning, the 
J ole] mn\(0]0] (elm oL- me] [aqhm ole] Mim Zelelomelco\Wallale)a(elaliat=sstomiVditam talcum (eN'c-UalexoMelmmialcMel-\'e 
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By late November 1971, the planet- 
wide dust storm started to settle. Nix 
Olympica began coming into focus, 
revealing a complex structure of vol- 
canic collapse calderas and making 
clear to scientists that this Martian 
feature was far more interesting than 
the earlier ring-shape structure 
revealed in telescopes and pictures 
from earlier spacecraft. Nix Olympica 
was later renamed Olympus Mons. 


02 


The Mariner Mars mission was planned for two identical spacecraft. Unfortunately, Mariner 8 was destroyed because of a 
launch failure. Mariner 9 had to go it alone. It was launched on May 30, 1971, and traveled 398 million km before reaching 
Martian orbit. Instrumentation was housed in an octagonal box, and power was provided by four solar panels stretching 
almost 7 m tip to tip. During its mission, the spacecraft gathered more than 7,300 pictures and made stunning discoveries of 
the Red Planet. 


In 1907, E.C. Slipher of the 
Arizona Lowell Observatory sug- 
gested that the brightening of Nix 
Olympica and the other nearby spots 
was due to the formation of clouds. It 
was a logical hypothesis that could 
not be verified with the technology of 
the day. The cause of the brightness 
change was still an open question 
when Mariner 9 arrived. 

Toward the close of January 
1972, the raging planetary dust storm 
had all but ended. In a single image sent back by Mariner 9, the bright spot mys- 
tery was solved. The photograph revealed large craters centered on each spot. By 
comparing the craters to the structures of terrestrial and lunar craters, the answer 
to the mystery became obvious. The craters were collapsed calderas created at the 
end of a volcanic eruption, when supplies of magma became exhausted. Nix 
(©) Wins) e)(or- r= laren igl-Wre)ial-1am al-y- 1a e)’am ola (e] a] mms) ole) toMAUY-1c-Mm allele [-Ma\Ze)(er-lalel-rsmesrommal(elammtalsy |i 
summits had darkened the upper reaches of the dust storm. 











This mosaic of global color images features the Tharsis volcanoes (mostly covered by bluish-white water ice clouds) and the 
Valles Marineris trough system (to the right). The images were obtained on a single Martian day. 


AM al- wa aahVssi<cva(elelsmm olde] a)aalststsmmezar-Uale(=ssmawi>14ommlale(=\-(e Mme |0(-MmKommes(0]0(e Mme) anat-tile)atce 
Clouds formed daily as the thin Martian atmosphere flowed over the volcanoes, 
(exole){=\o Pur-\ale Mexe) ale (-lalsx>1e pam M al-Wolexer-t>}[e)al-1 ie) e)<\-1aV-10 lm 0) ale] al Mi alare mcjar-l e\-*omn\-1> me [Oo mKe) 
ground fog that sometimes collected around the volcano’s flanks. With its true 
nature understood, Nix Olympica was renamed Olympus Mons (Mount Olympus). 
The other volcanoes are Arsia Mons, Pavonis Mons, and Ascraeus Mons, following 
Msiiesl(o]aymesxoleliam co mare)aiamr- (elim ilarcrmr- lace mag(-Mells1r-lalmacelavalslaamice)(er-lale mc: \omar-lanlscem aN lors 
Patera. A patera is a shallow, scalloped crater, usually a volcanic caldera. Alba 
maz ltclg-Far-V a In RO Mo(=\e]¢-1-m (o)ale||t0(e(-mr-sOme(-Ye]c-l-male)aiam(-liliule(ormlcw-manle(elale-yal-li(e))V(-1an(0) be 
(orsVal (om sie [1ilexc Ma tar= lam Wa(sWke)s als) am ell] am\Ze)(er-lalel=tomme (2ts\e7 4] o\<o Mmm o)0| mii mmar-tomr- mu pnlU leva lm e)gey-(e(=) i 
base and a huge system of concentric cracks large enough to cover the state of 
Texas. 
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This close-up view, looking southwest, 
shows a perspective of the eastern 
scarp of the Olympus Mons volcano. 
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In 1999, the Mars Global Surveyor Mars 


Orbiter Camera 





(MOC) passed over the 


Apollinaris Patera volcano and captured an 


image of a patch of bright clouds hanging 


S summit in the early 


over the volcano 


Martian afternoon. This ancient volcano is 


located near the equator and is thought to 


be up to 5 km high. The caldera, the semi- 
circular crater at the volcano summit, is 


about 80 km across. 





























Seen here is the caldera of Apollinaris Patera, an ancient 5-km-high volcano northwest of Gusev Crater. In this true-color 
image, the terrain is partly covered by thin, diffuse, whitish-appearing clouds. North is to the right. 


Because of orbital mapping, we have learned that the Tharsis region, home to 
©) ian} eletsmm\V/Colatsvan cele] axe) iat= lau ant-tsts}\\{om Ze) (er- la (elossrar- ale mr-laicaw am alelarelacre mynar-li(olanZe)(er-lalle 
edifices, is a broad volcanic uplift dome about 3,000 km (1,900 m) across. The 
main part of Tharsis is large enough to cover all of Europe. From space, Tharsis 
Fle) olcy-leswr-tser- Wo) ey- (OM o)[- lam olONMmI Mm ISMel alll <om- lala o)-llame)aM =t-lasammltcmex-lalig-lmel0|(e(om elUlsyalcrs 
up about 9 km (5.6 m) above the average elevation of Mars.—higher than Mount 
Everest on Earth. 

(CT -Yo) (ole |tsjtsmesiele(e [crs] mm latslmm ial- Mal aliit=1am el6]|(e10] oMe)mmdalowm Mar-lac)tswmo(o)aa(-vamere)air-liallare| 
Fle) e)ce) (ia ar-NKo)\oleLOm sali l(e)amele]ol(em .<anme)mt-\ic- Mmcole).@ o)r-\e- Melb lalaremiatom \(er-\ezalt-lam=1e- 0 Ol>) te 
haps 4 billion years ago. The volcanoes on top of the dome are more recent and 
are thought to be dormant. That means the Tharsis region represents potentially 4 
o}i|Ifeyala {st lesmeelaexe)ayiiale(ole rome) (er-Vallemr- (er 1\VZ1 V2 
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Although Earth, Venus, and Jupiter's moon lo all experience volcanic activ- 
ity, there is nothing on these worlds that comes close to Mars’s volcanoes and 
iM at-\eciism =t-1a law ol[e[e[=ts]mn'ze)(or- alee Y/-lelat-m mer-Melamialc Mii lare Mem mt-\ UME CMS Can Comnn)) 
high if you measure up from the seafloor. Olympus Mons rises 21 km (13 m) from 
ida(o¥m Matclesiism e)t-llammr-lale Mifsm ol] | @ant-tstom[omr-loleleimutalac\-Milaa(osomelacy-1k>) au tar-lalmsal-lmeymm\Y(- lel ar! 
Loa. Even Arsia, Pavonis, and Ascraeus Mons, at 17.8, 14.1, and 18.2 km (11.1, 
8.8, and 11.3 m), respectively, dwarf Mauna Loa in height and bulk mass. 

i Matom of-tsx- mem ©)\\700) osmY o)alsmismeg] ceq0l(-Uar- Vale mol OlOM duatswr-\elceoystsrm | mowed (cr-VaNVManl-UL Cole 
with a 1-km (0.6-m)-high escarpment. There is no known parallel on Earth to the 
Olympus Mons cliffs; other volcanoes do not have them. How and why the cliffs 
formed may be a question Mars-bound astronauts will have to answer. 

One would think a glimpse of Olympus Mons from the Martian surface 
would be one of the great sights in the Solar System. Surprisingly, this isn’t so. The 
Wo) (or lato mom 0) cey-(omm or-tsxoM-lale Mm \V/(-lesmswme-le)(e Mel0]avr-li01c-Mme[6(-M com ial-m e)[-lal-] omy 00l- 1 MoM As] Ole 
km (4,213-m) diameter, would prevent a future astronaut-tourist from seeing the 
summit while standing near its base. The best view of the volcano would be from 
lame) ae)i il ale mes) oy-\ex\e1¢- Vi MMA Za 1>1c>M Wao MMW //a (0) (> Me lMialomanlelelalt-liamerele|(e Mm el-MU[-\ cre F 

Imagine the journey of a future Mars explorer moving up the gradual slope 
0) ©] \"7an}oletsm\VColalsrwra\(e)alemsalomc-\\7m elxe)ey-le)\malellare mi amsve)aq(-Msve)ame) mae)- lem ialom=)<e)(0)acls 
WYolU| CoM antolelarmiaat-laN aren '{-iar-le)e)lalemi-Nc- Wile) cormsx-\era ML Commialom of-le [ol amr- Wm olele) @elam ial Maliom 
1Ko) axe) dal- Ma aatolelair-liahmr-lale Me]ceys1omm nar-lahvmar-lge(-lao\omml-\c-Wxezal-lalalslisme-lale meze)|(-lelsi-Ve Mar-N-| 
tubes In a traverse of more than 280 km (175 m) and an elevation gain of 20 km 
GPAian) Pa tarseesvelaalaalimwcele](o i oy-Wa-y-\erat-ve pk 

At the summit the explorer would behold a 40-km (24.8-m)-wide caldera, 
Wa] (el aim ism (-Uae [= Ja(elele] am comsy 117-1] (owas melo alate [-)(<soram Maltcwer-l(e(-1e-Wsm- ere) an]e)(-) augue] cor 
Wi da lmaat-lahvaecqear-Ui(s)amlaltcdecyoveq tlare mer-l(o(-le-tommnal- 1mm colanal=vemie)l (eu lalem cote lacs lalar=iae) elite) alse 
W/aTs1ammyan) e1aaiaat(elaar-Mmesar-lan]el~)esmere)|t-lelsi-(o Mame) almial=iaarsi>)\\/ciseam Malomaar-llaler-lle(-1¢- li lelele 
2 km (1.2 m) below the rim, is a jumble of wind-blown dust and sand dunes, 
scoured rocky plains, lava channels, cracks, rifts, and lava tubes. 

One thing the explorer would notice during the volcano traverse is the 
rlossio1alex- MO) mcs (elalli(erslay alan] efs\eimeig-1kclesmmer-¥Ke) ISU Ic) Foes] Ale\Wamial=Mer-l(el-1e-ilele)ar-lalemaal~ 
narelelaltcliawomm ital <ommcs)aatcls.¢-le)\/aesn(ele) dana Balcwesi0)ar-\ei-mre) mm @)\V/a0) oL0lsam\Y/(e)atsim (ele). <oMN ss) 0F 
yaNa Wan (-tae [oMl lan] oy=(e1tommdar- vam gat-\amar-n\{omoleiei0]aq-come)almsal-manlelelair-liaMmal-\\{om ol>\-1amere)\-1c-1e mele) 
by lava flows as recent (at least by geological standards) as 10 million years ago. 
(©) Van) ole bom \V/Ke)alser- melo) anntslalmyce)cer-lalemmaneysiaL<ci\ an AI|Msia6) olmr-lel-llamlamalmiblielace 

iMate want-tsso\io im Ware lecdiom ©) ce) lalexo¥- la lem tomavo) (er-Ualelotomsr- Wa tale(elamr-lelele| mial-Mar-liele-me)i 
W/FeTeseiy Wao) cer- tal (ome (e)ant=mi0a lm \Vt-lacersi?410 mVZe)(er-Vale\otoma-ts] Nelo meal ce) oMsmale)m oless1)1e)(-me)e 
Earth for a couple of reasons. Due to Earth's greater mass and density, Earth’s sur- 
face gravity is 2.6 times the surface gravity on Mars. Earth’s crust simply could not 





This image of the Hecates Tholus volcano was taken by the High Resolution Stereo Camera (HRSC) on Mars Express in orbit 
and from an altitude of 275 km. It shows the summit caldera of Hecates Tholus, the northernmost volcano of the Elysium vol- 
cano group. The volcano reveals multiple caldera collapses. On the flanks of Hecates Tholus several flow features related to 
water (lines radiating outwards) and pit chains related to lava flow can be observed. The volcano has an elevation of 5,300 m; 
the caldera has a maximum diameter of 10 km and a depth of 600 m. 


support a Tharsis mass and Its volcanoes. The volcanic rock and the underlying 
crust would be driven into the mantle for remelting. 

aN ato) sal-lau ian] oxelar-Vajmnr-\eice)amllaalitiacemialmal=1(e]a1mke)mm =t- laa Wcw'co)(er-lalel-ssma [om talcum an(@)0)] be 
ity of Earth's crust. Earth's crust is broken into about 15 or so continent-sized and 
smaller tectonic plates that slowly shift position relative to each other. Evidence of 
the shifting is clearly seen in the Hawaiian Island chain in the Pacific Ocean. The 
islands string out in a west northwest direction as the Pacific plate slowly moves 
across a persistent hot spot in Earth’s mantle. The huge Tharsis bulge and Its vol- 
or-TaloX=somu lave |(er- 1k maal- 1m \V telecom arctswr- Wtal(er.¢-) ar-lalemaale)acMsit-le)(-MelaUlsimn tar-lmal-tsmclear-Uia(sve mia 
fo) F-Yer-m co) ame)]||(e]alsMe)mn'(=x- Lesh 
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The Valles Marineris canyon system is over 
3,000 km long and up to 8 km deep, 
extending from Noctis Labyrinthus, the 
graben system to the west, to the chaotic 
terrain to the east. 





THE GRANDEST 


CANYON 


ith the abatement of the 1971 planet-wide 


dust storm, a small, previously known dark- 





ish region, to the east of the Tharsis vol- 
or=|a} (ome (o) pal >vaevat-lale[-\o meyal-\e-(exi-l eum Baltsmc=ve|(e)almat-le 
olsxolamle(svalilitsxemotsmr- Va Mmlarsie|alli(ers\a)mmmer-lar-lMme)air- lV t-les 
map drawn by Percival Lowell. He named the canal 


Coprates, after an ancient Persian river. 


ACcUialclamtarclamer-Va<clallale Pr- lcm ial -mell- la] am Mate latomce)(er-lalel-\omel om Valclamialc\mslnals1Ke (10. 
from the storm, Coprates morphed into a bright, intricate, sinuous pattern that 
stretched eastward across the Tharsis dome and hooked northward into the 
Chryse Planitia. It soon became apparent that Coprates was a canyon structure 
o [¢-\el-1o ml [ale-Wnl(6] ai mere) (e)c-\o Ma c=ts1 (01 0t-| fmol OFs) muaay-1mere)aliiale(-\o Mm Colm ale)-) @r-lele){-Mlalomer-lalela 
lilolele 

As the dust in the canyon settled, Mariner 9 scientists were stunned. This was 
no ordinary canyon. It was (and still is) the largest known canyon system anywhere 
in the Solar System. On Earth, this canyon would stretch from New York to Los 
y-Nale[=\ctsteut= 10 L010] mn el6] an dlaa(o\sm (e)alel-)amtar-laWalarde)ar- Wom ©1e-lale mm @x-lan\olamm [alecve)an(o ms e)(-\eicrsral 
is over four times as deep. The Grand Canyon is more comparable in size and 
depth to one of the side canyons, a tributary, of the Martian canyon. Mariner 9 sci- 
entists renamed the Lowell canal the Valles Marineris. 

Everything about the Valles Marineris is breathtaking. It literally soans one- 
fifth the circumference of Mars. At its widest, rim-to-rim, it is over 600 km (370 m) 
across. Like Olympus Mons, Valles Marineris is best seen in its entirety from orbit. 
Standing on one rim, a future explorer would not be able to see the opposite rim, 
due to Mars’s curvature. In some places, the canyon floor is 5.7 km (3.5 m) below 
the mean elevation of Mars, making it one of the lowest regions of Mars. 
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This false color mosaic image of 
Valles Marineris, the Grand Canyon of 
Mars comes from the Thermal 
Emission Imaging System (THEMIS), a 
visible-light and infrared-sensing cam- 
j era on NASA's Mars Odyssey orbiter. 
©3/* | The smallest details visible in the 
image are about the size of a football 
field. 
Geologists think Valles Marineris 
© began to form along geological fault 
lines about 3.5 billion years ago. The 
<< faulting was caused by the tectonic 
©* activity that accompanied the growth 
» <>) of the giant volcanoes in Tharsis, lying 
just to the west. As molten rock 
so ~ (magma) pushed into Tharsis from 
~_ below, the entire region rose, and the 
‘~~. surrounding crustal rocks stretched 
wiih and broke into faults and fractures. 
Baas trys As cracks opened, the ground 
Ss - sank. The faulting also opened paths 
ne for subsurface water to escape, 
undermining the ground further and 
* >> enlarging the fracture zone. In count- 
ME ~ less places, the valley's steep, newly 
Qi | | 4 +, exposed walls became unstable, caus- > . 
‘ a | “ty 4 ing landslides that widened the i ek es Me 
4 AG oS By = canyon further. It's not clear when the | Ke Ce ¢ B) Rey 
Pera “> valley's growth stopped, and in places BLE ONG. 
even today small landslides undoubt- 
edly occur. But it appears the main 
activity came to a halt roughly 2 
billion years ago. 
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This perspective, looking down and to 
the north, was taken by the High 
Resolution Stereo Camera on board 
ESA's Mars Express spacecraft. It 
shows pits and tectonic grabens in the 
Phlegethon Catena region of Mars. 
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Because Mars Is currently a desert world, scientists have had to look to a 
ie lale[-Melime[-1e) (ole |(er-1 im e)geler-1sts1-1o im LOM~) (@)[-Tla Mm ial-mer- la) lana Bal- @1e-lalem @r-lal Vola Mm icmed(cr-la\" 
a water-cut feature. The Colorado River has been cutting through the Colorado 
plateau for millions of years. Just its size alone indicates that Valles Marineris is a 
far older and far more complex feature. The canyon appears to be the result of mas- 
STVcmig-eutelalale pm r-lavels)|(e(=ssyur-lale Mci0|ar-\exomere)|t- olsiorseur-lalem\Z-1K-) ar-lale mW Alar mr-\eqi le) ap 

With newer generations of orbital spacecraft sporting greater image resolu- 
tion, scientists have observed layer upon layer of exposed flat rock strata decorat- 
ing the canyon walls. Still closer views, and instruments such as spectrometers, 
which analyze reflected wavelengths, have permitted some good guessing. Not 
IUTa ©) aij ale] NVA oXe\er-\UEs{o malo Mer-la\'(e)aei0 |ecw- (1 cesstom lal- = lae[-1symo)(er-lal ome (elaniomlamialcmeye)ile 
System, the canyon wall and floor strata appear to consist of thick layers of basalt 
lava flows interspersed with ash falls or fragmented lava. 

The history of Valles Marineris appears to date back almost to the end of the 
great Noachim bombardment, about 3.5 billion years ago. The growth of the 
i Mat-lesiomelolaatom-tare malo melt-laimcel(er-lalel-somex-lar- lial Varo). (latcre me |acr-VMcvicctstomelammdarom Ve lauren) 
crust. Magma rose into the dome and pressed upward, while lava flows piled on 
top and pressed downward. Faults began to open in the surface rock and radiate 
outward across the dome. Steep walls of rock moved apart. Large blocks of rock 
called grabens, which run axially in the center of the cracks, dropped downward to 
ie) dani ial=mxer-la)’(o)a uni (ole) eum Lamm ant-lal’au o)t-\er-somr-l(e) ale mm ial=mxer-la\’(e)a miele) ammezal-\lalse lam e)|Rsmr-la= 
observed where undermined material has collapsed. Melting of subsurface ice, 
felelela \Vanexe)alsxe)|(e[-1x-\e mm cele) emr-lalel{=1aimur-\7-mexe)alel0]| (swam e)amr-\a)vamerolaale)ia-li(e)ae)mmsaloir-lele)i( 
are likely to have created the chains. 























This image shows the effects of ero- 
sion on a sequence of dramatically 
layered rocks in the Candor Chasma 
region of Valles Marineris. These layers 
were initially deposited within Candor 
Chasma and have subsequently been 
eroded by a variety of processes, 
including wind and downslope motion 
due to gravity. Relatively dark mate- 
rials appear to blanket some areas of 
the layered deposits; these dark mate- 
rials are likely sand. Few impact 
craters of any size can be seen in this 
image, indicating that the erosion and 
transport of material is occurring at a 
relatively 
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lani Chaos is one of many regions east of Valles Marineris characterized by disrupted or chaotic terrain. The morphology of this 
terrain is dominated by large-scale remnant massifs, which are large relief masses that have been moved and weathered as a 
block. These are randomly oriented and heavily eroded. To the south (left) in this image, these mesas, which appear as flat- 
topped hills, range from less than 1 km to roughly 8 km wide, with a maximum relative elevation of approximately 1,000 m. 


Instabilities in the steep walls, perhaps due to the melting of subsurface ice, 
latetsm(=Yo Mn Comm nat-tsto1\(- Malan Meco) || oks\-saulalmaar-lanvan(eler- ld le)alcw-lle)alemigt-m(-)ale]iamevamial-mer-la\e)ar 
i Mat=tsy-mexe)|f-le\si-sour-lao¥r- Ws ©) al ant laVmna(=1ialele me)mer-Vanvelamua(e(-vallalem-laremexe)alijale(omueler-\ an @yal= 
of Taar-vi(omma=Ye](0)a Me) im\)'f- || exe) |(-1eSsxo 0 sim in(- Wm @r-l ale (0) am @rar-tsant- Mam (oler-lk-lo Meolammial-Male)aigesi(e(= 
almost midway along the canyon. Candor Chasma is a 300-km (180-m)-wide 
amphitheater-shaped indentation in the north rim of the canyon. The floor of the 
(olat-\o1nnT- mere) alc)I<} SMRO) im ale] nnlanToXel.4’am F-lare s}|(o(=¥me(=) oel=]] (Mm (col) avo(sYo me) mm exe)alier-\ Mm antel¥]avel<)) 
that have flowed outward from the base of the cliff. 

As the canyon continued to develop, parallel east-west faults gradually 
merged with the main system. Collapses broke down intervening rims and con- 
nected the parallel canyons into a giant rift system. 























NAVENlae-10) ocy-Uecmn comm ar-\o Wm al-\omr-Wcy(e]allier-la] m=11i=1e1mxe)a im Wal=Wer-la)’(e)amcmel=)(-1(6)e)nai- 1018 
Striations in the collapse debris appear to indicate an outward flow across the 
canyon floor. Any surface or subsurface water present in the canyon’s early days 
ele] (o Mex-iar-\ial\mar-N{omele-Valsxem [aicom alm eie- (ey. <omcom Ul aial=)amelave(=lanallalcmial-mic-\eqse|e-W4e) aloe 
Later, during the Hesperian era (3.5 to 2.5 or 2 billion years ago), Mars’s climate 
was undergoing a lengthy transition from wet to today’s dry conditions. At the 
northeastern end, there is strong evidence of massive Hesperian era flooding that 
spread into the Chryse Planitia. What remains of the northeastern canyon floor is a 
(erate\e)ilems)a ee llamo anes at-lalals)icier=| cM gal ctcy-tommrslalem alliice 

In spite if its great size and abundance of geological evidence, much is still 
Win) -<aren\ Zale leleleimn’é-\i(orsmm \V/f-lalal=\alsem @ual-Melimtalclan) ole)arslalme|elcrsi(e)alsm-leleleimmial-mer-lalela 
relates to the significance of water. The main canyon appears to be primarily tec- 
iKeJaltomlamelale|iavm eleimiaromiglol0ir-la’mer-la)\(elalcw-"(e)ale Mi ial=Ms)(e(=tomeq(st-la\ar>).dalle)] mual-mel-lalelaii(e 
patterns that are common to water erosion features on horizontal rock layers on 
Earth. Are they water features, dry mass transport, or some combination? It is likely view Nenenlivaliense ocirtanbe telat 
that the answer to this mystery and many others will be the domain of future Martian tively flat-floored and steep-sloped, 
explorers. However, It is certain that tectonic forces, earthquakes and other crustal ang exhibits meanders and a merging 
pressures, mass collapses, water, and wind action have all played greater or lesser of two branches in the north. The 
roles in the creation of the canyon. valley's origins remain unclear, with 

scientists debating whether erosion 
caused by groundwater outflow, flow 


Nanedi Valles is a roughly 800-km 
valley extending southwest-northeast 
and lying in the region of Xanthe Terra, 
southwest of Chryse Planitia. In this 


of liquid beneath an ice cover, or 
Shown here are the regions of Granicus Valles and Tinjar Valles in the Valles Marineris. They may have collapse of the surface in association 
been formed partly through the action of subsurface water, due to a process known as sapping. with liquid flow is responsible. 
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Mars may have lost much of its atmos- 
phere during asteroidimpacts early in its 
history. The Beagle 2 lander will look for 
signs of life on Mars, whether long-dead or 
still-living, by measuring the ratio of two 
different types of carbon in the rocks. 
Biological processes on Earth favor car- 
bon-12 over carbon-13. A high carbon-12 
to carbon-13 ratio is taken as evidence of 
life and has been found in rocks up to 4 
billion years old, even where geological 
processing has occurred. 





MAKING AN IMPACT 


ON MARS 


als wlan) oy-\e1mmo)mr- lu t-1ge[-manl-1«-\e) a] (> me) ar-ts}(-1e0)(emela mrs 


o)F-Tal=¥r-laVmeslelar-\erom lomr-lagle) ale Mual-Mir-loiictsmr-lale, 





most violent of all geologic processes. 
AKoyWZ=)alare Mm antelelaue-liatsm-laleme(=\-] 0Me1ar-tsJaqlswer-lalar-l<o MK als 
limale)malelate|q-vo(smeoymm anlliice)atsme)M\{-t-| es KOMelg-y- I-Mate 
Tan) ey-\ejaulswre (ste) (ele ](er-1|\ar-Vianley>) mal arsyr-lair-lals\elelsmam (amr; mes) e)/I 
second, a rock from space screams through the 
atmosphere at speeds of 10 to 20 km (6 to 12 m) 


ols)aesy=\ex0) alep 


Ranging anywhere from a small pebble to asteroids tens of kilometers in diam- 
eter, the space rock transfers tremendous amounts of kinetic energy to the impact 
site. Traveling far faster than the vibrations it creates at the point of impact, the 
space rock punches into the subsurface before detonation takes place. In 
moments, a fireball of superheated gas, glowing melted rock, and dust erupts. The 
force is great enough to peel back the surface rock. Rock petals bend outward and 
form a raised rim around a bowl-shaped crater that is many times the diameter of 
the object that created it. A steady rain of ejecta begins. The heaviest particles fall 
oy-\e1 qu al=>4 am (Omi al-Wxe]¢-1K-1emm ©)] i [ale Bela MaKe) OM e)mmig(- Wu cole) mu ol-ir-l/cmr-ValommiUlaia(-amoleli(oliatemmaat= 
steeply sloped rim fanning outward. Finer ejecta materials linger in the air longer 
and are carried further away. They settle in a blanket of dust that may point in one 
dominant direction due to persistent wind effects at the time of the impact. 
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Gullies on Mars exhibit a range of 
structures. The large gully in the cen- 
ter of this image is deeply cut into with 
a wide alcove. The gullies on the west 
rim of the crater have small alcoves 
and tiny channels. Many of the chan- 
nels appear to start at one of the fine 
layers along this wall. Water may have 
come from the underground and trav- 
eled along these layers to form the 
gullies by erosion. Gullies on Mars 
exhibit a range of structures. The large 
gully in the center of this image is 
deeply cut into with a wide alcove. The 
gullies on the west rim of the crater 
have small alcoves and tiny channels. 
Many of the channels appear to start 
at one of the fine layers along this 
wall. Water may have come from the 
underground and traveled along these 
layers to form the gullies by erosion. 


( 


The force of the impact is governed by the equation for kinetic energy. The 
energy released by the impact is the product of one-half the mass of the space rock 
times its velocity squared. This equation explains why small space rocks produce 
craters. Even small meteors, if they survive the friction of their passage through the 
Martian atmosphere, are traveling fast enough to pack a big wallop. 

(OJ at-We)mm taro manleysianr-tsved]al- vil ale m= ts) e-veqesme) am \Y/(-1ait-l aiming] of (el tom simi al-Ueime) a imelexer-t](0) a 
the force is sufficient to kick chunks of the Martian surface into space. Some of 
those chunks appear to have randomly crossed interplanetary space and been 
sucked in by Earth’s gravity. A few Martian rocks have fallen to Earth as meteorites 
and been collected by scientists from the Antarctic ice sheets. Geochemical analy- 
sis of these meteorites demonstrates that they have a chemical makeup virtually 
To{=Yajier-\mmco lm dal=mezal~)an|(er-lmr-lar- UN esi omemnialoM \V/(Uaur-lalecie|ar-\ex>merelare[6(ea\-10 i o)Var=jey-(ex-\e1¢-1i 
DE-Vilave magt=t-ts1elaciaalsdal tora dalolele|ammcxe)aal-\y/ar-Vame|aler-1at- liam ol-\er-l0lsy-We)mm ofe)K~ lal i-Vimexe)ayr- lanl ts 
nation, estimate the meteorite ages of somewhere between 170 million and 4 bil- 
Irelala'{=x-lesvam Mal=mnvcelelale(=)amant=1\=xe)a1Xotom lace |(er-1k= me (=1e) ele r(er-1] ham c=Le1>1 al mace) (er-Val (emer NVI NYO) A) 
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This image was taken by a camera from Mars Express. The displayed region is the eastern part of Claritas Fossae and the 
western part of Solis Planum. The diffuse blue-white streaks in the northern parts of the scene are clouds or aerosol sprays. 
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Beneath the impact site, shock waves penetrate the subsurface rock in a shat- 
ter cone fanning outward with depth. If enough heat is generated, melting occurs, 
and subsurface rock can slosh back to the basin’s center and freeze as a low cen- 
tral peak. If subsurface water or Ice is present, it will form steam that adds to the 
explosive force generated by the impact. Subsurface water will mix with the dust to 
form a mud-soaked slurry that spreads down a slope in toe-shaped blobs. Such 


Tag) exc\eqmeslinc\om- c= Mer-1|(-0me- lan] er-lamere-Ui-ecrar-lalomm ial=yvam ©lc@)/(el-Mlan) ele)ar-lalmer-lr-W-leleleimaal~) 
presence of subsurface ice. The depth of craters can be estimated accurately with 
spacecraft altimetry. The presence of the rampart features means that an Ice layer 
was penetrated. Therefore, the depth of the crater is an indicator of how deep the 
ice layer Is in the area of the impact. 


The HRSC on board ESA's Mars 
Express spacecraft obtained this color 
image of a region of Hesperia Planum. 
A large elliptical impact crater, called 
the Butterfly Crater, is visible below 
the surrounding plains. 





This image shows Pavonis Mons, the central volcano of the three shield volcanoes that comprise Tharsis Montes. Gently sloping 
shield volcanoes are shaped like a flattened dome and are built almost exclusively of lava flows. Pavonis Mons rises roughly 12 
kilometers above the surrounding plains. The dramatic features visible in this image are on the southwestern flank of the vol- 

cano. It is believed that these are lava tubes, channels originally formed by hot, flowing lava that formed a crust as the surface 


cooled. When the lava flow stopped, the tunnels emptied and the surface collapsed, forming long depressions. Similar tubes 
are well known on Earth and the Moon. 


This HiRISE image shows fractured mounds on the southern edge of Elysium Planitia. The mounds are typically a few kilo- 
meters in diameter and about 60 meters tall. The fractures that crisscross their surfaces suggest that the mounds, proba- 


bly composed of solidified lava, formed by being pushed up from below. Smooth lava plains, which fill the low-lying areas 


between the mounds, are riddled with sinuous pressure ridges. The entire area is covered by a relatively thin layer of dust 
and sand. 





Counting Craters 





° ithout the ability to make — debris over time ts uniform. Talo Me)V.clar-le))iale meie-1Kc es SCR) 
.s Se | oli cctejme)ossy-1a\-Vile)arowr-lale However, uniform for planetary billion years old or older. 

to take samples, planetary geol- impact studies means a declin- I1AW{c\>1aomom e)]|[(e)amr-lalemm mm e)iii(ola 
ogists content themselves with ing rate, with intensive bom- years surfaces tend to be 
estimating the ages of the dif- bardment in a planet’s early mixed, with open spaces and 
ferent Martian surfaces by days and then a steady, dimin- scattered craters. Finally, sur- 
studying crater density. The ishing rate. The idea is simple. faces nearly devoid of craters 
ix=Ye1a}al(e[6(- mols) o\-\ale (smu) elelamr-ta The more craters, the older the are likely to be less than 500 
Tan) exe)ar-lajmr-tsysi0 lan] el i(e)aPmnsalome- lin surface. Generally, a Martian million years old. 
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This HRSC image provides a perspective view of residual water ice on the floor of Vastitas Borealis Crater on Mars. 
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The Mars Global Surveyor Mars Orbiter 
Camera (MOC) monitors the seasonal 
comings and goings of polar frost on 
Mars. These four wide-angle pictures 
of craters in both the northern and 
southern middle and polar latitudes 
show examples of frost monitoring. It 
is spring in the northern hemisphere, 
and the frost has been retreating since 
May. Examples of frost-rimmed craters 
include Lomonosov (top, left) and an 
unnamed crater farther north (top, 
right). It is fall in the southern hemi- 
sphere, and frost was seen as early as 
August in some craters, such as 
Barnard (bottom, left); later the frost 
line moved farther north, and we 
began to see frost in Lowell Crater 
(bottom, right) in mid-October. 
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The effects of an impact are greater than just the hole left behind. On Earth, 
Tallon] ey-\elMmotommanlii|(e)aMm{cr-lecme- (eee lam (alsa CULer-1r-1a lm ed olallalciel(- MRO) \V (>> <lecemaUYc-Fsmml- lee [= 
Yalolele lame mr-vii-1e1m =t-1aiaWcm alat-lm er-lr-lale-m- ale m ante NVM ar-\om ola\=1pm- Wanr-l(elmere)alaale lel com com ial= 
demise of the dinosaurs. Impacts on Mars would have released large amounts of 
dust and water into the atmosphere that would have returned in torrents and led to 
flooding in its early history (Noachin era). 

Like all other planetary bodies in the Solar System, Mars experienced a fierce 
male ricrolar- lato m-si(elce)(oM e-Ulamel0lalavemiat=Msy-la\Vmn (oy-\eral-laM-1¢-8 C mom (okGMoM e)||[(olaMicy-lecw-10(0) B 
The violence of the era is clearly seen in the Martian southern hemisphere in 
densely packed craters, craters overlapping craters, and large craters obliterating 
smaller ones. Large regions look Moon-like. The largest known impact in the Solar 
System took place in the southern Martian hemisphere. The crater left behind by 





the Hellas impact is in a category by itself. The structure that formed is called an 
Tan) ex-\e1mm o-lsj[amr-Vare Miom r-lge (om -1arele[e 1am comm ale)(om-lameter-t-laF 

The Martian northern hemisphere tells a different story. It has far fewer craters 
and looks almost as though large expanses have been wiped clean of craters. On 
Earth, “wiped clean” is a good descriptor of what happens to craters. Water and 
wind are pretty good at obliterating craters by wearing them away or filling them in. 
However, erosion on Mars Is far less energetic, and craters remain sharply defined 
iCoyam nll liKelatsMelin\{sy-\eoHan =A'Z=1 AIM LaTeMe) (e(=t>1mm (e)]| Co) als MO)MnYZ-¥-lecme) le) Meig-1i-)ecMelaMlV/-lecMmlarelelols 
massively worn or filled with sediment, are still visible. Why, then, are there large 
areas on Mars nearly devoid of craters? 

Detailed orbital analyses of the northern plains of Mars—Elysium Planitia, 
Utopia Planitia, Amazonia Planitia, and others—reveal relatively smooth surfaces 
laced with fine fractures that resemble the surface of a China plate that has been 
o) ge), <a ialcomanl-lalal e)isvexcsur-lale me |L6(>1o mm or-\e1 acolo (-vial-lemmn<-rerelelalr4laremsiisalit-lanicr-Wielaotome) al 
ida{=wace)(er-lalcem e)i-Ulaloml am (ex-1[-lale Mme [-\o)(ole ts] towr-laom @)g-VAN merc lar-\iammiar-lmlalcag(ess]mccleilalm>1e| 
on Mars, the Amazonia (2.5 or 2 billion years ago to the present), has been char- 
acterized by fluid basaltic lava flows that overlapped and covered much of the 
Martian northern hemisphere. The northern hemisphere was likely pounded as 
densely as anywhere else on Mars, but those craters are now mostly buried under 
lava flows. The few craters visible in the northern plains are recent, occurring fol- 
lowing the lava flows. 


Which Craters Came First? 


Mee (o{=xe) [ele |Isyksmer- lam el= 
pretty certain which 


oig-\isleom- lemme) (el-1ar-Varem\Ualevale-lae 
younger using two “CSI” (Crater 
Site Investigation) techniques. 
The first is erosion. Water (in 
ancient times), persistent wind, 
ol[UTaar-\im atsr-lilalem-tare mexele)i[alemmr-lare 
ole-\Uiaaesieie] | elandal-wesielar-(ei- me) 
Mars. When a meteorite slams 
TAlKoWn \V/[claswiniam o)f-tc) tome lO) mr- Ime] gohicle 
depresses the surface, mounds 
Wjomel=1e)atowr-lcelelalem tom alaaner-vare| 


So) FNatclecmaclanr-lialialeme(sie) ats 
ol=y\e) ale Mm talom alana Bato Meie-li-lar-lale! 
alan Marc\cm=\e(e(-ssmmial-lmr-le)elsr-1) 
sharp in pictures taken from 
orbiting spacecraft. Over time, 
dale more (e [tom ol-rere)anl-Me)lelags\e m= ts 
material breaks off and settles 
into the crater or is carried away 
by winds. The crater takes on a 
ragged appearance as It ages. 
i Mal-mantessyar-lalel(-)al me)mel isexcigar-le)(= 
craters appear as faint circles in 
an otherwise smooth plain. The 


SeXexe) alo Ma tcresalal(el elm rom iL <om Lele) <lare| 
at a stack of books. You are 
fairly safe in assuming the bot- 
tom book was placed there first 
and the top book last. When 
impacts overlap, it is pretty easy 
to tell which impact came first. A 
small crater in the middle of a 
big crater came second. If it had 
been first, the bigger impact 
would have obliterated it. A 
crater that cuts into the rim of 
another crater is younger. 
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This image, taken by the HRSC on 
board ESA’s Mars Express spacecraft, 
shows a close-up view of a crater in 
the southern highlands of Mars, in an 
area called Promethei Terra, which is 


east of the Hellas Planitia impact basin. 


The smooth surface is caused by a 
layer of dust or volcanic ash that is up 
to several tens of meters thick. The 
numerous dark lines to the northwest 
of this crater are ‘dust devil’ tracks. 





WATER AND WIND 


he surface of a planet ts like an artist's canvas. 
Layer upon layer of paint is applied with a 
brush and sculpted with a pallet knife until the 
picture emerges. The picture of Mars has been 
emerging for 4.5 billion years. It is a complex canvas 
built up of successive layers of lava and broad 
sweeps of sediment. Water, wind, and impacts have 


also sculpted its surface. It is a work in progress. 


AN i dalolole|aMmtatm an) ox-(e1me)mr-) o)-\ex- cole) @lisme 6] (e7.@-laleme(-\c-Fo1r-1ilale MmlalcMCsr-1N0)4, @O)) 
shaping the Martian surface is done by water and wind. Water and wind are grad- 
ual but immensely powerful agents of change. 

In spite of its desert appearance, Mars is very much a wet planet. Currently, 
much of its water is locked beneath the surface in massive polar ice deposits, sub- 
STU]are\exomm (exo¥m F-NVc) esvar- ale Milam ahvele-uk-\eManlialceclicmmiat-lamiaces[6(e(oMaw c-1k-1am a mmialolimmaate)(cveqel(-le 
structure. It wasn't always so. During the Noachim period, the earliest age of Mars, 
water moved freely on the surface. Mars may have had a greater water to total-plan- 
etary-mass ratio than present-day Earth. Mars had enough surface water to form 
rivers, lakes, and shallow oceans. If Mars had had a uniformly level surface, an 
oXor=y-1 alm OM an Corcie p me(s\=) oN, Zel0| (0 at-\\{-Mexo)anle)(21(=)\"axere\=)¢2\e Mm atom )i-Valele 
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This is Mars as it might have appeared more than 2 billion years ago, with an ocean filling the 
lowland basin that now occupies the north polar region. Topographic deformation of features 
that ring the basin, which are thought to be shorelines formed by the ancient ocean, sug- 
gests that Mars experienced reorientation of the planet relative to its rotation axis. The 
margins of the ocean shown here account for the topographic deformation that would 
have resulted from this reorientation. Sinuous features near the top of the image are val- 
leys carved by large floods that may have supplied the ocean water. The image was gen- 
erated using Viking Orbiter images and topographic data from the Mars Orbiter Laser 
Altimeter on board the Mars Global Surveyor spacecraft. 
Credit: Taylor Perron/UC Berkeley 


For surface water to exist on Mars, the early Martian atmosphere needed to be 
much denser than it is today. Spacecraft measurements of isotopes of Martian 
rlAgaless) olal=1a(eme r-tsi-toml ale |(erclcmaal-1m- tom gale lei ir-tomclOM ol-lcex-)al Me)mealcMiallir-Vm\/tclair-lam-Uinaleloee 
phere has since escaped into space. The pressure of the early atmosphere would 
have been sufficient for liquid water to exist on its surface and not boil away, as it 
would today. 

Supporting the concept of a watery surface on early Mars are many surface 
markings. One water signpost is found in some of the craters of the southern hemi- 
Jo) al=\qoram alo Mesvoleliarclaalmarcyaniis) o)alslcom=><alle)|esmesvo)an(-Me)Mmialome)(o(sts1mucclae-l imeem t-lecem @lal~ 
would expect that ancient impact craters would show signs of weathering, but 
weathering for some craters has taken a dramatic twist. The craters look soft. Their 
ar-Us OM [aliiteVmalaatsmatc\ucm eXo\-lamciaalele)iacvomm-\omiarelule]amiat-\ymat-\emaar-)i(rem-lalem ey-lait-UNmillicze) 
in their crater floor. Fresh craters have sharp rims that gradually slope, bowl-like, 
toward their centers. The rims of these craters are more like low concentric circu- 
Flam alo le(sssmmaal-lmest-)ey-le-loM daroMc0 ace lelarel (arom e)-liamice)aammiarcm e)(-llamevmm ial-mel¢-1-1ani (ele) eum als 
effect is called terrain softening, and geologists were hard pressed to explain “soft- 
ened craters” on a desert planet when they were first discovered. Recognizing that 
there are large amounts of water on Mars has provided insights into the softening 
process. On Earth, water-saturated steep slopes often become unstable and 
slumping occurs. From above, slope failure produces a softened appearance simi- 
lar to the softened terrain of Mars. Water adds mass to soil and lubricates soil 
nareN'=yanl=1al ts¥m [ale lacy-tSO) mi gey4>1alesve)] ola \"/(-lesvindaloW alc lime [lal=le-¥Kovem o\’ar- lam lag) ey-\ermyVelel(e 
produce melting, and released water might trigger slope movements. 
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This HRSC image shows a system of 
“sapping channels” in Louros Valles 
(named after a river in Greece), south of 
the lus Chasma canyon. Sapping is ero- 
sion by water that comes from the ground 
as a spring or seeps from between layers 
of rock in a wall of a cliff, crater, or other 
type of depression. The channel forms 
from water and debris running down the 
slope from the seepage area. The lus 
Chasma belongs to the giant Valles 
Marineris canyon system. The Geryon 
Montes, visible at the northern border, is 
a mountain range that divides the lus 
Chasma into two parallel trenches. The 
dark deposits at the bottom of the lus 
Chasma are possibly the result of water 
and wind erosion. 
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This image was taken from orbit in 
May 2004 and shows acrater with a 
dune field located in the northwestern 
part of the Argyre Planitia crater basin. 





This small, unnamed channel is located 
in Arabia Terra. 
Image Credit: NASA/JPL/ASU 
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Another important observation of the watery nature of Mars is the presence of 
lo}g-lle{-romr-Valemunatsy-Vale(=/alale Mesat-lala(=)smme)ammia(=m\Vt-lait-lamecielat-\ec- eam Palo Mmezar-lalals)(ome-lcmke lay 
ixeXer-\am olU] Mus al=\"am (ele) @u(e(=1aii(er-UmmKeMa\/-\\-1eue10)mmezal-lalal=1\cMmcelelale me) alm =t- lava mim -ts)el-rell-\|\Vamla 
desert regions, where water is intermittent. Ancient channels stretching hundreds 
of kilometers in length are clearly seen entering the southern hemisphere’s Hellas 
matclaliit-Wice)aamtalomecielacele)avelialemantelelalt-liarelelsm ate |(ola\sram hal-i(ele) mre) mm iat- Malan] oy-\e1 m= lgct- MES 
FWielasve Mmlalel(er-¥ilalemme(=)eless1) (0) aime) im (ol ey=1- Van exe) alsie)|(@-\KoXe me] ¢-\>loee- lao Me [Us] me[-lelessiiK-1e) 
by water and wind. 

aN ato)sa\=lame|t-lalmulan) ex-(e1m@es)i<-We)mmialomesvelel vals laammal=laals)e)alcleoMsmatal Wace |A\(- Mi eal- lalate 
i Maltsme-\e) ol-t-lesmm Kolm at-\- Wm ol-t- 1a r- Wala] ee) ¢-Vavaesyce) ©) 6) /alemm ole) |alau lami /zal- 1mm o\-\er-laq(-ir- Mme |(0)ey-1 
scale river system. Meltwater from the south polar cap found its way into the impact 
oy tsJlale-lalemaelaalsro mm tal-mi (elem lalcom-Wl-lse[- Mer] cel] t-lmat-l<- mm mr 1K>) ema 1K>) oer La lem ele)<ts)1e) MW AIALeF 
o}ge) <omialcolele|amuarsmarelaial=laamalaamelimiat=m lan] ey-(e1mele-1X-1em ol-lannliadiale MU's-1K-)@ncomele-llamale/aials 
ward. A massive waterway was carved that ultimately ended in the Chryse Planitia 
10° north of the equator. The channels entered Chryse just south and to the east 
(o) r-Valolial=lamezal-Valal=iesy\s)K-1000m ole) [aliiare Mct-tsia'\c- lee Meimmialome Mat-lesitsme)(er-lal(em ele l(e ice 
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This image was acquired by 
Opportunity using its panoramic cam- 
era. It shows a large wind-blown ripple 
called "Scylla" and other nearby ripples 
and patches of brighter rock strewn 
with dark cobbles. The scours and rip- 
ple crests are probably due to the 
presence of basaltic sands mixed with 
hematite-rich spherules. Patterns on 
the larger ripple flanks were caused by 
different amounts of reddish dust. The 
larger ripple flanks have an intricate 
mixture of erosional scours and sec- 
ondary ripples extending downward 
from the main ripple crests, suggesting 
that these ripples have most recently 
encountered a period of wind erosion 
and transport of their outer layers. 
Image Credit: NASA/JPL-Caltech/Cornell 








IN olatanie-tcomelesliar-Ce(-mu Alia macsss16l|ilaremsy-ve|[aats)aymels) ofess)i(e lam iom or-lait-lI\Vmacts) eearsy]e)(= 
for the relatively snooth and somewhat featureless appearance of large stretches 
of the Martian northern hemisphere. However, water isn’t the only story. Wind plays 
a role, too. 

In spite of Mars’s very thin atmosphere, about one one-hundredth the density 
of Earth’s, strong winds can kick up some massive dust storms. (Recall the planet- 
wide storm that obscured Mars in 1971.) Wind-sculpted features abound across 
Wireless 

The most obvious Martian wind-created surface features are sand and dust 
dunes. The dunes are exceptionally easy to see and identify. They look just like the 
dunes of the Sahara and Mojave Deserts on Earth. Large fields of barchan dunes 
speckle broad plains. A barchan is a curved, smile-shaped (when looked at from 
itatem ale] aymel| acre (ela) mol0]at= Ham M at= Wel] (2)axo)ane] en WVila\o=)(o(-MIcwr- Wc anlelolamexolahie> acl] a-M Lalla 
symmetrical to the direction of the wind. The lee side of the dune has a concave 
curve with a slip face, where mini sand avalanches occur. The ends of the dune 
form two “horns” that point in the direction the wind is blowing. Slowly, barchan 
(o [UTarsxsmu ce) ganir-\eicesstomniaioMlY/(-Uait-laleclelar-(eromr-tomecr- ale Mice)aamm calomel iV lalemcy(eloM sm e)(e)uZamel e) 
and over the slip face. Wind eats away one side of these dunes and builds up the 
other. 


The images of yardangs—features 
sculpted by wind-blown sand—seen 


here south of Olympus Mons on Mars 
were obtained by the HRSC on board 


the ESA Mars Express spacecraft. 
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This view, in approximately true color, reveals the structure of an impact crater informally named "Fram," located in 
the Meridian Planum region of Mars. The picture is a mosaic of frames taken by the camera on NASA's Mars explo- 
ration rover Opportunity in April 2004. The crater spans about 8 meters (26 feet) in diameter. Opportunity paused 
beside it while traveling from its landing site toward a larger crater farther east. This view combines images taken 
using three of the camera's filters for different wavelengths of light. 
Image Credit: NASA/JPL/Cornell 


Water Below 


Re Yo alo msxel0larel ale pars! 
technique used on Earth to 


fo) ge)ol-m talomlatsy(e(o\ome) me) t-\el(o esr 
has been exported to Mars. The 
European Mars Express space- 
(oig-Vimmer-laa(=tour- lam alsuaelan(=lalamersli (cre) 
the Mars Advanced Radar for 
Jb] osvo)al om-laremm (e)alesJe)aicva le 
Sounding, or MARSIS. MARSIS 
arctsmm e)gelel-remmsalom\\/(ladr-lamsvelelan 
fole)(-w- late mant- le) e\-\em-MI-N\(-1are)m(ex> 











below the surface that was first 
identified in the 1970s. The 
EWielemrslofe)0] mn nem oan) Mel=)(0)%7 
the surface, is massive enough 
to create a planet-wide ocean, 
were it to melt, 11 m (36 f) deep 
EReallare mV elecmartom-melaiongan 
surface). 

The water mass under the 
pole is still not sufficient to 
explain the extent of water ero- 


sion features seen across the 
planet. The amount of water 

locked in the polar reservoir is 

fo) a) \Var-loleleimre)al= ta X-lalig nce me)ar~ 
(olaromaalelatelccxolvameomialcw-laalele aime); 
water that once flowed on the 
planet. Are there other reser- 

voirs, or has most of the Martian 
water been lost to space? 


_ 











@)iat=lamr-laallitlanelllat-Mesjar-l ekotswo) alm \\/-lecme-leom [lalst-lamel6la(crsmiar-\ance)aanmm (e)ale mm ey-1e-l|(2) 
ridges perpendicular to the wind direction. These dunes are often slightly sinuous 
in shape. Linear features also form around resistant objects, such as crater rims. 
AViTato Im ok-\arsmr-lcele] ale Mm tal=tsi-re)o)(-1e1tome- Lalo muna le)’(o\omecr- ale Me-la(emmelUl-mncomnce)danmlelale mirc liliare 
deposits that merge to form a cone-shaped wind shadow downwind. 

Dust devils are yet another wind erosion discovery on Mars. Scientists, 
observing pictures from the Spirit and Opportunity spacecraft, were startled to see 
dust devils cross the field of view of the rover cameras. Like trains of mini tornadoes 
sometimes seen on Earth, lines of dust devils cross the broad plains. Quickly rising 
WZclauamr-Viqmolam\Y/(-Uesmda(ele|olesmig(o mm colguar-vilelame)mel0ls)me(-\ 7] Smmelelacelelate| [ale m-\/alaelsia(-vom am ce 
ill tat= Wace) (eo Par-Valo =) 0) e-\ilalem ol-te||alswam Malo We llsxexe\">1a’me) me l[s1mke(-)//| SM =1ar-le)(=\e mcvel(ola lis] Fsmace) 
explain some weird worm-like dark tracks on some otherwise light-colored Martian 
plains—dust devil tracks. 

EL X<Md st- Tadao [Olsyme (WISP (lecme [OKsyme(clV/ | mnar-\Vam oL-M=1(<1018 g[er-1] \aezal- Use [10 A Malismerele] le) 
lead to problems with dusty ‘static cling" on the suits of future Martian explorers. 


NASA's Mars exploration rover Spirit 
used its navigation camera to record 
this scene on the day the rover arrived 
at the crest area of "Husband Hill” 
inside Gusev Crater. The rover had just 
completed its longest drive in months, 
44.8 meters (47 feet), before taking 
this picture. A wind-sculpted ripple of 
sand or dust dominates the fore- 
ground, which is the top of the hill, 
while a whirlwind lofts a column of 
dust above the plain in the distance. 
Image Credit: NASA/JPL 
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This image of the Martian north polar 
ice cap shows layers of water ice and 


dust in perspective. Here we see cliffs, 


which are almost 2 kilometers high. 
The dark material in the caldera-like 
structures and dune fields could be 

volcanic ash. 

Image Credit: ESA/DLR/FU Berlin 

(G. Neukum) 


NORTH AND SOUTH 


atcim\V/flesmar-tsimo)a(elaim ey-ucesalctomol0]qcel0)aleli are mins 

Ko) t-hile)ar-\mare)auame-\alemcyoleliam efe)(-\-mr-Va lem ial-m Or-1ke10 be 

es change in size with the seasons Is some- 
thing that has been known for a long time. William 
Herschel, discoverer of the planet Uranus, pro- 
ol F-Tigat sro mm al-m ola (e]alm ey-1kezal-soe) am \V/(-lesm elm ol-mr-|geal (endl <> 
ice fields. Consequently, it was first assumed that 
the poles were covered with layers of water ice that 
melted in the summer to provide moisture to the 
lower latitudes. Later, with the realization that the 
WW/FeVaurelaie- tana loss) e)als1asm tom e)e-ele)anliar-lananvmer-laele)amel(o)<(elce 
it was suggested that the poles were actually cov- 
ered with dry Ice. 
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This image shows layering within the 
northern hemisphere’s ice cap, which 
probably reflects seasonal variability in 
accumulation of ice versus sublimation 
(going from a solid to a gas). The 
presence of sand dunes indicates the 
transporting of sedimentary materials 
by wind. Erosion is seen as a series of 
undulating ridges between the layered 
terrain and the dune field. Near the top 
of the image several vents occur 
where materials from the shallow sub- 
surface have erupted onto the surface. 
Credit: NASA/JPL/University of Arizona 
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As it turns out, the Martian poles have both. Each has a centrally located per- 
manent water ice core layer surrounded and covered over by a larger dry ice 
deposit that comes and goes with the seasons. It is the dry ice fields that were 
observed to change in size. With the coming of summer in the Martian south pole, 
iial=mel Yan (ex-m oLe)(-Ummexey-Uil ale Mc16]e)|[aar-IXctome || ¢-re1m\VaulalCoMey-tomr-lalem- (ole lomcomnal-Me)-1¢-11 me [6-la be 
iti AVO)Mer-l a oLelaMel(oy.c(e(-M lam al-M-Vinniess}e)alo1eomm (@r-19 ole)a le |(e)<(o(oMinc\-742ce-mey Aone Ome) aral Oke 
F and boils at -78.5° C or -109° F.) At the same time, the Martian north pole cools, 
and winter in the north begins. Carbon dioxide gas condenses into dry ice and 
expands the extent of the northern polar cap. 

A year later, the Martian seasons reverse, and the south pole cap recedes 
while the north pole cap grows. The water ice cores of both poles remain fairly con- 
stant in size, although some sublimation of water into the atmosphere occurs at the 
are)auaum efe)(- mel] alareMmiesmesielanianl<)emmelele)iinat-li(elamelmm7-¥i-) ame (el-ts1al mr-10)el-t-lam elm elo marl <ale| 
place at the south pole in spite of the fact that summer in the south tends to be 
warmer than summer in the north. One possible explanation for the difference is 
that the warmer southern summer encourages the formation of dust devils that loft 
dust particles into the southern atmosphere. The dusty atmosphere diminishes the 
WeNaaaliare M=1iicteime)mi0]al1(e]ame)alial=m ofe)r-\aulei-mer-| oMirs\-1 1mm (t-Cel lao Mm Cems) |(elalihymerele)(-1at0 00 be 
mer temperatures near the pole. 
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Sand-laden jets shoot into the 
polar sky in this view by noted 
space artist Ron Miller. It shows 
the Martian south polar ice cap as 
spring in the southern hemisphere 
begins. 

Image Credit: Arizona State 


University/Ron Miller 


























This Mars Orbiter Camera (MOC) 
image shows south polar mesas com- 
posed largely of solid carbon dioxide 
separated by circular depressions. The 
curved scarps, which form the bound- 
aries of the mesas, retreat approxi- 
mately 3 meters per Mars year (two 
Earth years) owing to sublimation, 
which occurs primarily during the 
Martian summer months. 

Image Credit: NASA/JPL/Malin Space 
Science Systems 


Both poles rest on elevated mounds that rise about 3 km 
(2 m) above the surrounding plains. With the summertime clear- 
ance of dry ice frost, the mounds reveal concentric parallel lines 
ringing the poles in irregular circles. The lines are the horizontal 
edges of layer upon layer of deposits of sedimentary rock, with 
each layer slightly more weathered away and smaller than the one 
below. Scientists have concluded that the poles are major areas of 
sedimentary deposition. The amount of deposition appears to 
change over the long term and Is possibly linked to changes in 
Mars’s axial tilt. The layers are probably made from a combination 
(o)mst- ale Mine [Ul>) Mare lale Meroe 

Spring is a violent time at Mars’s south pole. It starts inno- 
(ox=1a) d\n ta (ele(e lama Malcelele|amdalcwmlaicolalsi:)\/axexe) (ome \V/(-Want-la ma ilali:)@mer-laele)e 
(o [o> To (= Mae f-tommere)ale(=\alsi-toue- [ale MM igc\-74-\oemme|e-(eLUr-Ui\mmce)ganliale mr- Waa To1K>) oe 
thick layer of dry ice. As spring and summer approach, sunlight 
passes through the ice to warm the dark underlying rock. The dry 
Tor-Mmlamexe)alt-\erm iV liamial-Myc-lan nl colel em ol-\e]lalsmcom-ie]e)||nar-VKo mel |a-reqt\’mlalce) 
(of-tswam Malomasiaar-Viallale mcielat-\eiom (exo Ml-\'(-1 mule) ganlse-Mcicr-lpr-lale Melacy-NKctomr- me T-ks 
pocket. For perhaps 60 days or more, all is quiet as pressure 
slowly builds. Then, the dry ice layer starts lifting. 

If you were an astronaut walking across the Ice at this time, It 
would be a good idea to pick up your pace! Suddenly, a weak spot in the ice layer 
ruptures. High-pressure gas roars through the opening at speeds of up to 150 km 
(90 m) per hour. Chunks and snowflakes of dry ice fly upward and spread out in 
aare| Murclatswan WY- Ua @xct- ale Mesyerole) ol-to MU] om o)Vamiar>mc-\el/alemel- Kom ce)analom(o)ale Mt labesiar-lelslemanl-lt Ge 
Tate tsmo)am tals Mu daliisme[avmleromsi0)ar-\ei-mm lm; (om NalcrsioW dlalelomelmant-la dale [seme] cewalale Mi-lse[-lar-lale, 
darker over time, that were first spotted in satellite pictures. Equally mysterious 
WYicl ams) ©) (0 [>1aVmre | cele)\-tsmele}s1-1ac1e mae lalaliale m-lelalemaal-m ole) ice)an mova alm (ex-ml-\\(-lar-lale mere] a be 
Nie1ae [late r= ia(=mr-1 ol-) Qo lam ial mar- Valcom Malo Me |ce)\{-tom- 0) o\-t-1an com ol-m-Vale)ial-iar-lalir-(e1 me) mial-Mel-ls 
release. Sand-laden gas scours and carves spindly channels along the bottom of 
the ice layer. 

Another strange result of dry ice sublimation is an effect dubbed “Swiss 
cheese terrain.” Anyone familiar with northern winters will understand the effect. In 
the springtime, snow melts unevenly, and roundish patches of dark soil peek out. 
Mats we l-\aem oy-1keialctsmawc-lagamaale)ccmme-le)(e|\yamsal-lammialomn Valin mesiale\wancielacelelareliaremial- lama mals 
patches enlarge as the snow at the edges melt. From above, snow melting in the 
north easily resembles the Martian Swiss cheese melting. Circular depressions 
form due to unequal sublimation of dry ice. Gradually, the depressions widen, as 
idaToMm \V/elant-Ua mes) o)aiale Bre (on\c-lalerctsrmr- Talo mel co)wankelelcisalole 





This is a wide angle view of the 
Martian north polar cap in early sum- 
mer. The picture was acquired near 
the start of the mapping phase of 
the Mars Global Surveyor mission. 
The light-toned surfaces are residual 
water ice that remains through the 
summer season. The nearly circular 
band of dark material surrounding 
the cap consists mainly of sand 
dunes formed and shaped by wind. 
The north polar cap is roughly 1,100 
kilometers across. 

Image Credit: NASA/JPL/Malin Space 
Science Systems 





The Martian poles offer many mysteries. Does the water ice move as do gla- 
ciers on Earth? There is some indication that it does around tts edges. Ice seems 
to have divided around craters along the edges of the Ice fields. Furthermore, there 
is a distinct absence of impact craters in the water ice fields. Either the fields are 
very young, or flow takes place that obliterates the craters. Ice flow would indicate 
very thick ice layers. Glacial ice has to accumulate to thicknesses of 50 m (150 f) 
or more before it starts to flow at its bottom. In the low Martian gravity, thicker ice 
layers would have to build up before pressures would be great enough for flow. 

Another polar mystery is whether or not It snows on Mars. Presently, water 
snow Is not likely, because the quantity of water in the atmosphere Is very small, 
only about 0.03 percent of the total atmosphere. (For comparison, Earth’s atmos- 
phere is about 1 percent water.) In the past, the percentage would have been very 
different, as can be seen from the many water-erosion surface markings. Dry ice 
Jato) arswr-Valelialolam aat-1ai-iem D) aval (ex-me1 (elU(olom-lc-mexe)anlan(e]amen{-]auiaioal Mat-lecyiomice)(er-lalel-1oe-lare! 
the poles. Scientists speculate that dry ice snow falls are quite likely over the poles 
(oli alate Ma (elarem dian vamalle|aiese 

The greatest mysteries of the Martian poles will have to wait until polar robot 
landers and human explorers arrive. Like Earth ice fields, the ice of Mars will hold 
Tan) exe)ac-lajmnie-\er-ssme)me- lia qle's) 0) al-)alemer-tsyo\smial-1mer-lal ol-Mer-1Kcle Ml | <om Igc\o alate [Seam Malcom ele) (-1s) 
are the Martian library of volcanic events, impacts, and polar tilting waiting to be 
deciphered. 


This 2005 picture is a composite of 
daily global images acquired during a 
previous Mars year. The picture shows 
the south polar region of Mars. 

Image Credit: NASA/JPL/Malin Space 
Science Systems 
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LIVING OR NOT? 





This picture is one of many taken in 
the northern latitudes of Mars by the 
Viking 1 orbiter in search of a landing 
site for Viking 2. The picture shows 
eroded mesa-like landforms. The huge 
rock formation in the center, which 
resembles a human head, is formed by 
shadows giving the illusion of eyes, 
nose, and mouth. The feature is 1.5 
kilometers (1 mile) across. The speck- 
led appearance of the image is due to 
bit errors, emphasized by enlargement 
of the photo. 


n the mid-1950s Walt Disney had on his Sunday 

alle |ahane)gey-\o(er-t-1tsmr- Wa 'e)alel= e160] mcx-1e]aal=/almmer-Ui(o\e mual= 

ma Ko)anre)aae))idt=laleWarsis) alstsrmaallerammielele[cis\ome)amiars 
future of space exploration. The first episode, Man In 
Space, was aired three years before the first satellite 
F-V0lavelapm ian ole)aie-\\i-1o mm ale))aalelnat-lalsmy eel om ilesiare (em alce) 
space. Famous rocket scientists presented their 
ideas. The same year the first artificial satellite 
y-\ela{ato ela 0)i mm @ESLoWD Malar Malice Ma) olisvele(-ME-valili(cve 


Mars and Beyond, aired. 


aM ar-M allel alNmernsy-ViiVom Clare oXel=s-)1o)\Vmealie Nm (elelaN’am-lalleat-Uilelem-Vaiicvecw- lm D)Iclalo\Melgohe 
ated a wondertul, though fanciful, sequence on what life on Mars might be like. 
They produced many fantastic images: wandering sea serpent-like plants in search 
of better soil; flying saucer creatures with transparent bodies that focused sunlight 
coms} [aql6] ie lal=\olers)\’mer-1 ele] ccM-lale mexole) quiarc)i au o)c-\\emmalelal«=\au e){-laltcmlar-tm olUnii-\om ele) \s1e]amer-rs 
at flying insects; and majestic silicon-based crystal creatures that formed delicate 
Ko) 1esme [6] alate Mdal-Mel-\andal-lmcjar-vak=)ao\e Milam sarc mere)(e Mevmialcmal(elale 
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This is the first photograph ever taken 
on the surface of the planet Mars. It 
was obtained by Viking 1 just minutes 
after the spacecraft landed successful- 
ly. We see both rocks and finely gran- 
ulated material, either sand or dust. 
Many of the small foreground rocks 
are flat with angular facets. Several 
larger rocks exhibit irregular surfaces 
with pits, and the large rock at top left 
shows intersecting linear cracks. 
Extending from that rock toward the 
camera is a vertical linear dark band, 
which may be due to a one-minute 
partial obscuration of the landscape 
due to clouds or dust intervening 
between the Sun and the surface. 
There are a number of other furrows 
and depressions and places with fine- 
grained material elsewhere in the 
picture. 

Image Credit: NASA/JPL 
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None of the Disney creations were serious, but their real message was that 
Mars is another planet, a new world. Any life found there is most likely to be totally 
ollicslaclalmicelanm-Vanvataliale MY Zoe-Uco Mie leallit- lea dliame)am =t-ladamM\V(elcomiar-Uamilinva{st-lesmtcliclemY/(-les 
scientists are still looking for signs of Martian life with the same thought in mind. 

Interest in life on Mars has been intense for more than a hundred years. The 
mer-lal-|mame|tsyero)\(-1avar-lale Mes{or- sxe) al- lime) (0) ame al-lale(>mxe) et (er-V in| |L6Is1(6) atom Cele) ar- Wa lo)ale mai laat oan Ke 
explain. The “face on Mars” optical effect captured by the Viking orbiters (see box 
on page xx) took less time to explain, but pseudo scientist proponents continue to 
be resistant to replacing fantasy with data. 

In spite of these misguided attempts to prove that there Is life on Mars, rea- 
SoJali ale Mm e)ce) olelar=ialtsmevmm lic meal \\/(-lecm ole) almncomY/(-lesMom-Jal//ice)alan(= 1p] eam Balelele am at-les) ama mats) 
not unlivable. Most scientists agree that if there is Martian life, it will probably be 
nalrercotolaet-laltsjantsmialalaiare mam iat=msxe)] malsr-lau(ex- aml alm|(@ [6] (@mYc-1Xclam r-NV(-) esPme) all ale(<1-) 0M ei g-(61.ecr 
lava tubes, or caves. Mars life might take on forms barely recognizable to us as liv- 
ing. Because of that, scientists have been scouring Earth for extreme forms of Earth 
life that might be capable of surviving the Martian environment. Called 
extremophiles, these rugged life forms could offer clues as to what to look for on 
NV FeVeswu=\V(s) aI alm dalsike|d(st) Mm exe)(o(s'symmr-lale Ml aalel-)mue-\elt-lile)amlaicslarsiicm=lanalce)alantsialese 

Nineteen years after Mars and Beyond, the first true Mars search-for-life sci- 
ence experiments were begun. Two robot spacecraft, part of the Viking 1 and 
Viking 2 missions, touched down on the surface of Mars. One of their primary mis- 
sions was to look for signs of life. However, they were not there to chase wander- 
ing plants or to look for crystal towers. If any life existed on Mars, they might be 
captured by imaging cameras, but the real-life detective work was the job of small 
Tal Xciaar-lmmeqal=anl(er-\me-lalomm e)(e)(ele|(er-\ im r-Vele)g-1k0)q(-tsyam mt- (010i lole) 0] Ma ig(-Wns174- 0K) mE- Wm o)et-(0| ee). ¢ 
these laboratories were designed to look for evidence of life processes at work in 
W/FeTadtclalesxoXe[laalslal ese 





About Face 


Me scientists cringe every 
ialaatomesxe) aleve) atswrctsi,<smesleve)eli 


the “face” on Mars. It’s not that 
any scientist wouldn't be 
delighted at the discovery of 
intelligent life on Mars. It is just 
that the face doesn't exist. But 
(oxolats) e)ig- (en an tal=\e)a (oss mel(oMar-laeR 
Malem V/f-lesmr- exo mexe)alsye)ie-(eny 
theory began with a Viking 
(o}go)]X=1au e)(e101n- Me) imial-m @nvielolalre| 
ste ]e)aie)im\Y/t- lectin @a'ce (e)alt- mismo) al 
of the chaotic terrain areas of 
Mars, covered with hard vol- 
(or Tal (em er-| om ceXe1 al ele)<t>)] 0) \V elem e)'] 
faults and water eroded gullies. 
Erosion has turned the region 
into the classic mesa and butte 
topography so familiar in west- 
ern movies. 

In one picture, taken when 
the Sun was low in the sky and 
shadows were long, a single 
butte appeared to be carved 
into the shape of a face. Two 
shadowy eyes and a straight 
aaleleldammie)aaatsvomiatsmr-\ersvar-lale minis 
head was surrounded by a 
Siie-lalel-mar-licelommeyels)aliisiromlnalaalo ts 
diately knew the face was just a 
(oxolnalo)iar-vilelameym=)ce)s)e)am-lale 
shadows. Earth’s surface is 
ae)ant=mcommnat-lahvars)ianlit-lame[=xe)(elel(e: 
features that look like face pro- 


files, reclining bodies, and skulls. 


No one claimed that these were 
signals from some alien race. It 
was a different story with the 
WETesmrclerce 

According to some “inves- 
tigative” journalists and self-pro- 
fessed “science experts,” the 
face on Mars was a Sure sign of 
ella lalccilte [=1alec-vam Malmanle) comers 
W/FeTesmesrel(claiits] toma (cre KOM) (o)t-lla 
the face’s true nature, the more 
some of the face proponents 
claimed “government cover-up.” 
I Mal=mexe)alice)\-16>)anccy-\elal-le m= male\ 1 
low with the unhappy loss of the 
Mars Observer spacecraft that 
experienced a fuel line failure, 
destroying the mission as it was 
about to go into orbit. A few 
vocal protestors claimed that 
NASA had sabotaged its own 
'o) || Ce}alere (e)|t-lams) ef-\ex-Xe7¢-1 nm Coll ©) cote 
vent the public from seeing 
proof that the face was real. 
When the Mars Global Surveyor 
re) 6) cey-(e1a(=\o Ml \V/[- lectures) el-Xerr=| 
effort was made to take better 
pictures of the face. With sun- 
Ire} a) mexe}anliaremmicelaamr-Welliisicsiall 
angle, the facial features were 
(ofeal=w-tare ma) e)t-\ei-1e mm o)vaniat= im a0) te 
nate lmolelan) oksm-lalemere-\e;omeolar-la) 
eroded butte. Were the conspir- 





The first Mars Orbiter Camera (MOC) flew on 
Mars Observer, a spacecraft that was lost in 
1993, before it reached the Red Planet. Now, 
after fourteen years of effort, a MOC finally 
has been placed in mapping orbit by the 
Mars Global Surveyor. On the first day of the 
mapping phase of the MGS mission in March 
1999, MOC was greeted with this view of the 
"Happy Face Crater" (center right) smiling 
back at the camera from the east side of 
Argyre Planitia. This crater is officially known 
as Galle Crater. The bluish-white tone is 
caused by wintertime frost. 


acy theorists finally satisfied? 
Norm Ratsy’axert-Uinaisxemarey van iarel 
N7atsy au ar-le ime (eleice)c-\o Mn ial= 

Tears (elstsmucome(=\(-1X-aal-wr-leom-lale) 
keep the truth from the public! 
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The boulder-strewn field of red rocks reaches to the horizon nearly 2 miles from Viking 2 on Mars’ Utopian Plain. Scientists 
believe the colors of the Martian surface and sky in this photo represent their true colors. Fine particles of red dust have set- 
tled on spacecraft surfaces. The salmon color of the sky is caused by dust particles suspended in the atmosphere. Color cali- 
bration charts for the cameras are mounted at three locations on the spacecraft. Note the blue star field and red stripes of 
the flag. The circular structure at top is the high-gain antenna, pointed toward Earth. Viking 2 landed September 3, 1976, 
some 4,600 miles from its twin, Viking 1, which touched down on July 20. 

Image Credit: NASA/JPL 


Months before the Viking missions were launched, spacecraft designers ster- 
lized the lander craft and safely encased them in bioshields. The reason for that 
precaution was both simple and essential. It would do little good to land on Mars 
looking for life, only to discover that Earth microorganisms hitched a ride. 
me lavalolanale)acmm Calm lalts)e-Celi(e)ame)m =t-lavamliccmyUiiam-la\mlacel(e[-arelelom\/(-lesm icc meel6] (eM o> Mel tsme 
Toco LU low Comm aaloWY/(-lait-la mile) e-m-lalemr- lear e 

















NASA's Viking 1 orbiter spacecraft photographed this region in the northern latitudes of Mars on July 25, 1976, while search- 
ing for a landing site for the Viking 2 Lander. The speckled appearance of the image is due to bit errors. Bit errors comprise 
part of one of the “eyes” and “nostrils” on the eroded rock that resembles a human face near the center of the image. 
Shadows in the rock formation give the illusion of a nose and mouth. Planetary geologists attribute the origin of the formation 
to purely natural processes. The feature is 1.5 kilometers (1 mile) across. 

Image Credit: NASA/JPL 


Tale- tae \aal-V4lalemict-1me) ms) ey-\e1-Le1 ¢- 11m (-\e1 9] a(e) (ele) am oe) ig it-lalel-\ecm-).(x-ale(-\eMce)elelm-lanals 
idakchmesyerole) oX-Yo MU] oMm \t-lair-Vamecx=xe | [aalsalme-\ale Me (>)oley-11X-\o mM iam laicome- Mm illalal-imm(cy-\ellale mice mn Kots11 
chambers inside the laboratories. When the sediment was doused with water, 
strange chemical reactions occurred, but no life processes were identified. Life on 
Mars was still an open question. Scientists concluded that the wrong questions 
had been asked. 
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Seven very dark holes on the northern slope of a Martian volcano have been proposed as possible cave roof openings, based 
on day-night temperature patterns suggesting they reveal subsurface spaces. These images taken by the Thermal Emission 
Imaging System camera on the Mars Odyssey orbiter show the seven openings. The volcano is Arsia Mons. The features have 
been given informal names to aid comparative discussion. They range in diameter from about 100 meters (330 feet) to about 
225 meters (740 feet). Arrows signify north and the direction of solar illumination. 

Image credit: NASA/JPL-Caltech/ASU/USGS 


Scientists did have a brief thrill in 1996 when a small team of NASA scientists 
announced the discovery of what appeared to be fossil bacteria in Martian mete- 
orites. A small class of meteorites, found on the Antarctic ice fields, is believed to 
have come from Mars. Antarctica is an ideal place to search for meteorites because 
the dark space rocks easily stand out from the white Ice fields. It is hypothesized 
that major impacts on Mars would have kicked Martian rock into space and some 
pieces would randomly find their way to Earth. The proposed Martian meteorites 
are W{owm Nalcum(e(clali(er-Umr-lke)aal(omaat-1¢-16] oMmiar-lmme)ae)it- lies) ef-\er-rere-lime-lalemml-lalel-lesmm a= No Wm (o(>) a) oe 
iitexe Me)aM\Y/ lesan MaTeM\Y/EeUaUrclam ante) coXe)al(orcwreleoMelarcvanl(er-Ui\Vmeliiiciecial mixelanm 0) at-lan coe! <u (oLo) be 
lected by the Apollo missions) and from the usual meteorites found all around the 
Wie) atop 





Cave Martians? 


‘e} Earth, caves are rich 
places for looking for 

=) Col (om [ismce]anatseam falmtal>laa mele imer-la 
jilace mm e)ilalemits)ammrsl|e)lalemel del .<siksy 


rlale Ms) laa\ace ale) e)iare mm ex-(eak=var-! 
(“snotties”), among other odd 


creatures. Recent images from 
the Mars Odyssey spacecraft 
Tate |Cer-\komdar-uMn\V/(-lesmmaareNVar-ltsvomal-NA~) 
caves. A string of football field- 
sized holes have been detected 
aicrelaer-ml-lne [ma'Zo) (er-lae rm @)al-Mevam tal= 


ae) [=tswr-l e) ol=t-|gsmn Co ol Mr- im (1-1 CLO) 
m (425 f) deep. Mars caves 
would be ideal places to look for 
life. The scientists that found the 
holes are now dreaming of 
NW/FeladreYa mes) ol=) (0 lal co amce) oleic 


W/[Keixessyere) e}(om=>¢-lanliar-Wile)a me) mr- Wm or lar ei01(-Uam\Y/(- lant lam aalciKc\e) ai (cto alo W el mtor elem 
rock, which was named for the Allan Hills location on the far western ice field, 
where it was collected in 1984—revealed microscopic rod shapes that could be 
the remains of Martian microorganisms. The 1.93-kg (4 1/4-lb) meteorite is 





believed to have fallen from space 13,000 
Nicrclesm-(e[em-lale ism o)ge)er-le) me) =1ar-me)]| [elem (cx-leomle 
age. 

INFNAU Teli Nam tals We [lsxexe)\-1avaer- LU lsi-\e ir- sxer(-al ii(e 
Ue) cey-lamr-lale mmsxe)an(oMe-Uale|A’mmexe)Anltn(=1al seme lisalolele |e 
Soi(slaldisitowr-laele are mdal-mw cease Muelle elo mialall (rem ey 
oro) ahilanatsxe mm \Ut-lait-lalm li Hmr-(exer-)0)r-la(ex-e) mu a=) Vane [see 
coveries is never easy. Using the Sherlock 
Holmes approach (“When you eliminate all 
other possibilities, whatever remains, however 
improbable, must be the truth.”) critics ham- 
mered the team with many questions and alter- 
nate explanations. The team was able to 
address many of these questions but not all. 
AAV al=i i als) ame) quale) @nial- mm cole) qxerolair-\ialowlY/(-lan- lain relome 
sils is still open, and some say the chances are 


Mars meteorite, the ALH84001 LOD OLO MM nde 1eat-VoscMlal=Mar=> aml E-lalt-lament=iicYolai come |icxeroy'/s1ara 1] merolayrcllamantelecmlaliolgeat-Vilelak 

rock seen through a microscope. or the question of life on Mars will have to wait until humans set foot there. Then, 
for sure, the answer will be yes—Earth astronauts and the plants and microorgan- 
isms they bring with them. But maybe...... 
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Mars Global Surveyor (MGS) operated 


in orbit around Mars for over nine 


, longer than any other spacecraft 


-to Mars. A few of URLS UISMLICLNY 
important discoveries include (1) 


years 





ding the surface from 











selection of a landing site for the Rover 


Bright new deposits in two gullies on 
ETE suggesting that liquid water has 
carried sediment down them in the 
past seven years. This is strong evi- 
dence that water still flows occasianal- 
ly on the surface of Mars. (2) There 
are concentrations of a mineral that: 
often forms under wet conditions, fine- 
grained hematite. This discovery led to 
Opportunity. (3) The fact that Mars 
once had a global magnetic field like 





FOR A CLOSER 


Kole) 4 





als alis1\e)avaeyim \Y/(-lesm>).0)(0)e-1ale am smr-Komanl eleva mr-leelel: 

technology as It is about discovery. Nearly 

every Mars discovery was preceded by the 
of-\{-1(0) 0) gars lal mr-lareme-le)e)|(er-1i(e)ame)mr- Wm al-\iank-ve1alale) (ele ha 
To the ancients, Mars was a bright wandering star 
ida 1molexer-t=1(6)ar-V1 hymn Lele) eX-1o Mm ef-(e1.0)\/-1n0 (om e110 )c-merelaliialU ls 
ing its usual eastward course through the stellar 
background. In the 1600s, the newly invented tele- 
scope permitted astronomers to resolve Mars into a 


off) a= lalo Me (=1x-\eymes) ar-lo(@))Avmrlelar-(e:omaar-laqale foe 


By the late 1800s, telescope improvements brought the Martian surface into 
sharper focus, although some of the observed features were wildly misinterpreted. 
Mars study took a giant leap in the 1960s and 70s with spacecraft that flew by, 
orbited, and even landed on Mars. Spacecraft permitted direct collection of data 
and radioed home stunning images with great detail. Today's technological 
advances include new and more sensitive instrumentation, better imaging systems, 
igc\ol-lmn-q0] ossiular- (exo maar-¥e) ©) [ale Palla leiacr-Fsi-\e Mel-lt-c1Ke)g-(el-m-lale meze)anlanlelal(er-lile)amer-ley-le)I1N(oto 
robot surface rovers, drills, life-detection laboratories, and atomic analysis. 


101 





sd 
ete 


eho - RES 








BS abe ae . . PT em: : - : 
M ine Se Sat ene ae eee 
3-9-8 ] see | 6:38 6 1 ene ] see j 2s j see } see | a: ] Ff * 


Because of spacecraft, we are beginning to really know 
Mars. Since the first attempted Mars mission in 1960, more than 
40 spacecraft have aimed for the Red Planet. Unfortunately, due 
ixomr-lelalevamr-lllUlactsem=.¢0) ele] arom i6l=/m llat=tsemr- lace mere)an) elU]\-1molgelele-laam-lare 
aatcudals)aarctilersl mms) dae) ecvam(=<ctomm tars lanm alli Mme) mms alsin lV (ol ecmm galtsysy(e)alsmm arNs) 
been successful. Nevertheless, the successful missions have 
been spectacular. 


As it drew closer to Mars, the Mariner 4 spacecraft captured this image of a 151 kilometer-diame- 
ter crater in the southern hemisphere. The highly worn crater, pocked with overlying smaller 
impacts, has been dubbed the Mariner crater. 

Photo Credit: National Space Science Data Center 





This Sol 2 mosaic from the Mars Pathfinder mission shows the newly deployed rover sitting on the Martian surface. The loss- 
lessly-compressed, multispectral insurance panorama was designed to protect against camera failure upon deployment. Had 
the camera failed, the insurance panorama would have been the main source of image data. However, the camera deployment 
was successful. Ironically, the insurance panorama contained some of the best-quality image data because of the lossless 
data compression and relatively dust-free state of the camera and associated lander on Sol 2. 

Image Credit: NASA/JPL 
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This bird's-eye view combines a self-portrait of the spacecraft deck and a panoramic mosaic of the Martian surface as viewed 
by the rover Spirit. The rover's solar panels are still gleaming in the sunlight, having acquired only a thin veneer of dust two 
years after the rover landed and began exploring the Red Planet. Spirit captured this panorama on the summit of "Husband 
Hill" inside Mars' Gusev Crater. 


Image Credit: NASA/JPL-Caltech/Cornell 
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The Mariner 4 mission was spectacular because it returned the first close- 
up images of Mars, which discovered craters in the narrow planetary slice it 
(0) oks1=1a'{=10 Pm \Y/ [Val as1amc me |tsYere)Vi=1q-Xomtal= Me) t-lalma’c-li(cxom Vf lalalclalsmerslanelam-laleMmacc\Uct- liste dare 
dd U(=War-Wa0] a= Me) mI). aa ©) V0] ©)Cer- Fam Mat oMa’AL <lalemanlistsi(e)atswm e)ce)'/(e [sre malo Miles] mesle|ar-leiomlgar-(e[sss 
and chemical and meteorological data. Sister orbital spacecraft returned orbital 
images that vastly improved on Mariner 9 images. In 1997, the Pathfinder surface 
rover, named Sojourner, rolled just over 100 m (330 f) as it poked and probed its 
landing site during its 83-day lifespan. In 2004, two robust rovers, Spirit and 
Opportunity, began surface operations. Together, the two rovers have sent back 
more than 100,000 close-up pictures and, using spectrometers, have returned a 
1 (0lalaliare me [er-Uaidiayaceymmezal~yanl(er-lmr-lalemaaliatsie-lele|(er-Vmer-Ur-Wr-Velol elm ial M\\/(-lesm0/ar-\e-mm Dial its 
on the rovers gained a beneath-the-dust view of the mineralogy of Mars. 

Twenty years lapsed between the successful Viking spacecraft and the next 
Mars spacecraft success. In between, two Soviet Union probes were destroyed, 
Tale darcwAavanl=la(er-laM\V/(-lesm @)els1-1aNc-1@m o)(nar-\ oy la me-Fsmi ms ©) a>) oy- [acre Lome) a e)im\\/[-lesmm mee lUlalelatcve 
at the end of 1996, the Mars Global Surveyor (MGS) began its prime mapping mis- 
J(o)aialalm \V/f-\ celal RchohoPur- Vi =1 aus) o\-lalel|alemr-Wa\-r-lamr-lalomr-Wmar-limmele-(ollr-\i\amcalanlealialemltcwme)ae) le 
MGS set Mars mission records. In nine years of orbiting pole to pole, MGS sent 
oy (o1.@x=yaele(e]aier-tr- mm Com i]| lm 01010 ©) DJ-rml | mal-tomaar-le) ol-(emdalom-lal diam o)[-laiclemm |tom (0) a[eMS\>) Ale 
Tox Wu ols aanliaccremmanle)alixe)diale me)mmcielar-\exomme1 at-lale[-\oemml ales (6(e| [ale Me(-1X-Leii] ale mm ccLex-Ja] Mulan] ey-(e1 ks 
that were not present on earlier passes and detecting sediment patterns in craters 
that appeared to result from temporary liquid water seeps. MSG also monitored 
long-term Martian weather patterns and local effects such as dust devil tracks. 


The HiRISE camera on NASA's Mars Reconnaissance Orbiter took two images of the larger of Mars’ two moons, Phobos, within 
10 minutes of each other on March 23, 2008. This is the second, taken from a distance of about 5,800 kilometers (about 
3,600 miles). The illuminated part of Phobos seen in the images is about 21 kilometers (13 miles) across. 

The most prominent feature in the images is the large crater Stickney in the lower right. With a diameter of 9 kilometers (5.6 
miles), it is the largest feature on Phobos. A series of troughs and crater chains is obvious on other parts of the moon. 
Although many appear radial to Stickney in this image, recent studies from the European Space Agency's Mars Express orbiter 
indicate that they are not related to Stickney. Instead, they may have formed when material ejected from impacts on Mars 
later collided with Phobos. The lineated textures on the walls of Stickney and other large craters are landslides formed from 
materials falling into the crater interiors in the weak Phobos gravity (less than one one-thousandth of the gravity on Earth). 

In the full-resolution version of this image, a pixel encompasses 5.8 meters (19 feet), providing a resolution (smallest visible 
feature) of about 15 meters (about 50 feet). Previous pictures from NASA's Mars Global Surveyor are of slightly higher resolu- 
tion, at 4 meters (13 feet) per pixel. However, the HiRISE images have higher signal-to-noise, making the new data some of 
the best ever for Phobos. 

Image Credit: NASA/JPL-Caltech/University of Arizona 
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MGS’s camera was used to test the hypothesis that some very youthful-looking gullies found on slopes at middle and high lati- 
tudes on Mars are so young that some of them could still be active today. The test was very simple: re-image gullies previous- 
ly seen by the camera and see if anything had changed. 

Do the images taken prove that water has flowed on Mars? No, but they strongly suggest it. Although Mars is drier than the 
most arid deserts on Earth, liquid water from beneath the Martian surface may have welled up and flowed across this portion 
of the Red Planet in this decade. 

Image Credit: NASA/JPL/Malin Space Science Systems 


The 2001 Mars Odyssey orbiter carried science experiments designed to 
make Mars-wide measurements in order to understand the planet’s climate, geo- 
Kote Comm alt=1Xo)a'aumr-taremme-(olr-uile)amm>/anicelalaat=ialmmr-\ale Mm Co mesy-y- ce] ance) am llismesielsir- lial lale mac 1Ks) 
lronically, the radiation instrument aboard Mars Odyssey was exposed to a solar 
storm of such magnitude that its electronics were “fried.” The Martian radiation 
YahVicolalaal=ialemer-t(e)ale May Ui4aMm valomme-(olt-lile)amm-landice)alaal=)alm@m=y.<e-/a(=/aler-\e Mm o)Vmes) ey-\eicleie- 11 ama 
transit from Earth to Mars, is of great concern to planners of future manned Mars 
missions. Unless a remedy is found, Mars astronauts may find themselves far too 
lol qn ice)anmes\elt-\ile)am com illaveii(e)ame)amialome)t-lal-1m 

At the end of 20083, following a quick six-month trajectory, the European 
Space Agency Mars Express spacecraft began service. Its main objective was to 
search for subsurface water. Amazing images and other data are still being inves- 
iifer-Nicto pur-Vale mm aby ekeligt=*sxorsmm q=Yer-lcel late Mm ial=)iamaatsr-laliale Mr-lacm ol-liale Me(>)e\-1K-\o mm Olalce)alelar-ike)\VZ 
a small lander craft, named Beagle 2, after Charles Darwin’s Beagle, failed to land 
safely. 
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A Delta Il rocket lofts the Phoenix spacecraft toward Mars on August 4, 2007. The mission's plan is to land 
in icy soils near the north polar permanent ice cap of Mars and explore the history of the water in these 
soils and any associated rocks, while monitoring polar climate. The spacecraft and its instruments are 
designed to analyze samples collected from up to a half-meter (20 inches) deep by a robotic arm. 

Image Credit: NASA 
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This image from the High Resolution 
Imaging Science Experiment camera 
on NASA's Mars Reconnaissance 
Orbiter shows evidence for ancient 
fluid flow along fractures in Mars’ 
Meridiani Planum region. 

The scene includes pervasive signs of 
ancient fluid flow in the form of 
bleached and cemented features, 
called halos, along fractures within 
the layered deposits of Meridiani. This 
site is approximately 375 kilometers 
(233 miles) northeast of "Victoria 
Crater." 

Image Credit: NASA/JPL/Univ. of Arizona 
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The mission's main objective was to search for subsurface water from orbit. 
Spacecraft instruments focused on investigations designed to help answer ques- 
1i{o)atswer-VotolU) am \V/(-lesMomme (cre) (ole \/amr-ligaless) o)alcic-Mar- lao mmciULar-(ex-Ma- lah ice)alaals)alme-lale mm (ole) @niels 
signs of water and potential sites where life might be found. Among its discover- 
les are possible evidence of recent glacial activity, explosive volcanism, and 
methane gas. 

The latest in the Mars spacecraft armada is the Mars Reconnaissance 
Orbiter, or MRO. Since beginning its primary science mission at the end of 1996, 
it has already exceeded the data record established by MGS. Among its discov- 
eries are “haloes,” markings left on underground rocks as liquids or gases have 
flowed through them. On Earth, such features often indicate ripe conditions for 
tough microbial life. MRO has also “reconned” the northern plains, where the 
future Phoenix Scout mission is planned to land in 2008. Knowing potential haz- 
Tce lomol-1celcomi-larellale MIsm=>dialenis)\vamlen] ele)a tla] Maco ma alel-1al) al e)i-lalalclese 

With the string of recent spacecraft successes and interest in Mars as a 
target for future manned missions, the computer screens of mission planners are 
glowing with a new generation of space- 
craft designs and space exploration tools. 
This new generation includes larger rovers, 
agile robots that can scale cliffs, microbots 
that randomly swarm from the lander 
mother ship, Mars airplanes, lighter-than-air 
balloons, and landers that will package 
Mars samples and rocket them back to 
Earth. If all goes well, humans will follow. 

yANmanltsss}(e)aimer-laavdiale pm ex=1e) ©)(-mn KOM \Y/(- les) 
will be daunting to plan. Travel to Mars is 
way above and beyond the challenges 
faced before the first Apollo flight in 1969. 
With chemical rockets, the Moon ts three 
days away. Mars is three to six months 
Wives Wane (=) 0X=1a(e [ale] eXe) alm alow ani-ts) maaloWZ~lal(el (> 
can travel. Furthermore, Mars astronauts 
will have to remain on Mars for twelve months before Mars and Earth are in favor- 
able positions for a return. The quantity of food, water, oxygen, and rocket fuel 
needed to support a two-year mission Is far greater than the carrying capacities of 
TaN koles << ym ol=l1ale Wm e)r-lalal-\ommuleleiar- Wm \Vt-lesmanlisis1 (eam Z1/Meore [6] com- Mm aleys) mem c-Yealare)(ele|(=ys 
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This engineering model of Mars Science Laboratory was dubbed "Scarecrow’ by the mobility team, because it is still without a 
brain like the famous scarecrow from "The Wizard of 02z." 

The 2009 Mars Science Laboratory, the mammoth grandchild of the 1997 Sojourner rover, is nearly assembled and 
ready for its test and launch operations phase (ATLO). With its immense increase in size come advanced abilities in power, 
technology, and science data collection. 

Image Credit: NASA/JPL-Caltech 


and scientific breakthroughs. Robotic greenhouses and oxygen, water, and rocket 
fuel processing plants for returning to Earth will have to be sent in advance of a 
oiccWWA ©) al\ Ai Ual= 1a dalomlaligctsiiae(oii0] co Me)mr-W\Vt-lesm oy-\s\-MIomU] of-lalemaUlalallalemuVlim este) ©)(- Masi. 
the trip. But what an adventure it will be! Perhaps future Mars explorers will dis- 
cover new forms of life. Then, for the first time, we will know for sure that Earth is 
not the only oasis of life in the universe. 
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This image was taken by the stereo 
cameras on ESA's Mars Express. It 
shows the western flank of the shield 
volcano Olympus Mons in the Tharsis 
region of Mars’s western hemisphere. 
The escarpment at the lower left rises 
to over /,000 meters. At the top of the 
image, part of the extensive plains 
west of the escarpment can be seen; 
these plains are known as the “aure- 


ole” (from the Latin for ‘circle of light’). 


This region contains gigantic ridges 
and blocks extending some 1,000 kilo- 
meters from the summit, like the 
petals of a flower. The origin of the 
deposits in this region is still a mys- 
tery. The most persistent explanation, 
however, has been landslides. Several 
indications also suggest a development 
and resurfacing connected to glacial 
activity. 

Image credit: ESA/DLR/FU Berlin (G. 
NATTY) 








MARS IN 3D 


wo eyes are needed to see the world in three 
dimensions. Each eye sees from a slightly dif- 
ferent angle. Our brains process the images in 


a way that permits us to perceive depth. 


When we look at Mars through even the biggest Earth telescopes, Mars is 
two-dimensional, a flat disk. The through-the-telescope view is the same kind of 
view we get when we close one eye. Our vision becomes flat. Fortunately, Mars 
SJ of-\ersloig- limo) ce) (e(-M=)alele(e]amlant-(e>mel-it- mem o)dlarem ey-\e7 qliat>mialicemeliaaclalsi(o)amm moe Ws) 0 0 te 
ple trick. A “one-eye” camera can provide the 3D view by taking two pictures of the 
same scene but from slightly different positions. This mimics looking at the same 
scene with two eyes. You can perform this trick with a digital camera. Take a pic- 
ture and then shift the camera to the right or left about 8 cm (3 in.) Take a second 
picture. 

iH al- Wal). dmesii-) OM sma CoM (y- (0 M\(o)0 am ©) (0180 |¢-1300) KO MM'(0]0] ameo)an] olU]\-1am-lalemm ©)celer-tstomm lal-1a0 
with an image program such as PhotoShop. Check the reference section for an 
Internet site with directions on how to do this. 

With the following Mars pictures, two nearly identical but slightly shifted 
scenes are overlaid. Each image Is given a color tint, usually one red and one blue. 
In normal vision, the picture is blurry. However, with 3D glasses, a red lens to filter 
out the blue image and a blue lens to filter out the red image, the two-eye effect 
takes place. Your brain combines the two images and—abracadabra: a three- 
ofTant=\arsy(olar-m o)ceit0 leo Meyim \V lest 

Use the 3D glasses provided with this book to look at the pictures in this 
oat 10)K-1 mm Cole mer-lam=r-Fs)i\manl-Lcom- (ele lii(o)ar-l me] i-Fstoxo\o me ]0 10) M1 11m er- tae [s)Kele! @ f-lel-1mr-lalem acre. 
Yao o) [U(-Me-Vox-F-1(om CaVeLa1 (Vi MaISME-NZ-V|(-10)(-Mielaaie-\amr-lave Melg-\imtc10] 0) ©) \VAE-) ale) of<¥) Im 10] Mo) U I aE-| 
pair of cardboard frame glasses to fit your eyes. Tape a rectangle of red acetate 
over the left eyehole and a piece of blue acetate over the right eye hole. If you like, 
decorate the frames to make a personal fashion statement. Otherwise, the 3D 
glasses are finished! 
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One of the very first places pho- 
tographed by the Mars Orbiter Camera 
(MOC) as part of the MGS mission at 
the start of its mapping phase in 
March 1999 was a field of dunes locat- 
ed in Nili Patera, a volcanic depression 
in central Syrtis Major. On April 24, 
2001, MGS was pointed off-nadir to 
take a new picture of the same dune 
field. By combining the views from 
March 1999 and April 2001, a stereo- 
scopic image was created, the 
anaglyph shown here. The dunes and 
the local topography of the volcanic 
crater's floor stand out in sharp relief. 
The images, taken more than one Mars 
year apart, show no change in the 
shape or location of the dunes. 

Image credit: NASA/JPL/Malin Space 
Science Systems 
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This anaglyph uses two MOC images 
acquired at slightly different viewing 
angles. Owing to the specifics of the 
viewing geometry, the image is tilted 
on its side. In other words, in this 
image, north is toward the right and 
west is up. In this picture you can see 
better the cross-cutting between layers 
in the mound located in southern Galle 
(Happy Face) Crater. The layers are 
part of a mound of sedimentary rock in 
southern Galle, a remnant of a once 
more extensive deposit of sedimentary 
material in this south mid-latitude 
impact basin. 

Image credit: NASA/JPL/Malin Space 
Science Systems 


The HRSC on ESA's Mars Express 
obtained this 3D perspective view in 
May 2004. The scene shows the region 
of Coprates Chasma and Coprates 
Catena. 

Image credit: ESA/DLR/FU Berlin 

(G. Neukum) 
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Yogi is a meter-size rock a short distance from the Mars Pathfinder lander and was the second rock visited by the rover 
Sojourner's alpha proton X-ray spectrometer (APXS) instrument. This view was produced combining the "Super Panorama’ 
frames from the IMP camera. Super resolution was applied to help to address questions about the texture of this rock and 
what it might tell us about its mode of origin. 








The panoramic camera on NASA's rover Opportunity captured a sweeping image of "Burns Cliff" after driving right to the base 
of this southeastern portion of the inner wall of "Endurance Crater" in November 2004. Because of the wide-angle view, the 
cliff walls appear to bulge out toward the camera. In reality the walls form a gently curving, continuous surface. 

Image credit: NASA/JPL/Cornell 
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This anaglyph of the region called Apolonaris is based on data captured in October 2004 by the High-Resolution Stereo 
Camera (HRSC) onboard the ESA spacecraft Mars Express. Accompanying color scenes were derived from the three HRSC 


color channels and the nadir channel, while this anaglyph image was calculated from the nadir and one stereo channel. 
Image credit: ESA/DLR/FU Berlin (G. Neukum) 
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The Mars rover Spirit maneuvered along the edge of an arc-shaped feature called "Lorre Ridge" and encountered some spec- 
tacular examples of basaltic rocks with striking textures. This panoramic image shows a group of boulders informally named 
"FuYi." The rocks were formed by volcanic processes and may be a primary constituent of Lorre Ridge and other interesting 
landforms in the basin. Spirit first encountered basalts on a vast plain covered with solidified lava that appeared to have 
flowed across Gusev Crater. The basaltic rocks at Lorre Ridge exhibited many small holes or vesicles, similar to some kinds 
of volcanic rocks on Earth. Vesicular rocks form when gas bubbles are trapped in lava flows and the rock solidifies around 
the bubbles. When the gas escapes, it leaves holes in the rock. The quantity of gas bubbles in rocks varied considerably; 
some rocks had none and some, such as several here at FuYi, were downright frothy. 

Image credit: NASA/JPL-Caltech/Cornell 
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This anaglyph image was taken by the 
HRSC on board ESA’s Mars Express 
spacecraft. It show Coprates Chasma, 
a major trough located roughly in the 
center of the Valles Marineris canyon 
system. 

Image credit: ESA/DLR/FU Berlin (G. 
Neukum) 


At the center of this picture, Sojourner 
has traveled off the lander's rear ramp 
and onto the surface of Mars. The rock 
Barnacle Bill is to the left of Sojourner, 
and the large rock Yogi is at upper 
right. On the horizon sits the rock 
dubbed "Couch." A deflated airbag sits 
at lower right. 

Image credit: NASA/JPL 





Northern Terra Meridiani, near the 
intersection of the Martian equator and 
prime meridian, is a region of vast 
exposures of layered rock. A thermal 
image from the Phobos 2 orbiter in 
1989 showed these materials to be 
anomalously cool during the daytime, 
an observation very suggestive of 
dense, hardened materials like rock. 
Images of this region showed layered 
material exposed in cliffs, buttes, and 
mesas that in some ways resemble the 
rock outcrops of northern Arizona and 
southeastern Utah in North America. 

The image shown here is a com- 
posite of two pictures. It shows four 
buttes and a pinnacle (near left-cen- 
ter) composed of eroded, layered rock. 
The four buttes are each capped by 
the remains of a single layer of rock 
that is harder than the materials 
beneath it. It is the presence of this 
caprock that has permitted these 
buttes to remain standing after sur- 
rounding materials were eroded away. 
Like the buttes of Monument Valley in 
the Navajo Nation on the Arizona/Utah 
border, these are believed to consist of 
sedimentary rocks, perhaps deposited 
in water or by wind, though some sci- 
entists have speculated that they could 
be thick accumulations of volcanic ash. 
Image credit: NASA/JPL/Malin Space 
Science Systems 








The High Resolution Imaging Science 
Experiment on NASA's Mars 
Reconnaissance Orbiter has imaged 
"Victoria Crater" three times. This 
stereo view combines two of those 
views. The difference in viewing angle 
between the two images is about 12 
degrees, which is greater than the con- 
vergence angle between the left and 
right eyes of humans while viewing 
distant objects, so the vertical relief 
appears much steeper than is actually 
the case. Although some of the cliffs 
around the crater are, in fact, vertical, 
the slopes below the cliffs are no 
steeper than 30 degrees. 

Image credit: NASA/JPL-Caltech/University 
of Arizona 





Before moving on to explore more of Mars, the rover Spirit looked back at the long and winding trail of twin wheel tracks it 
created to get to the top of Husband Hill. Spirit spent several days perched on a lofty, rock-strewn incline next to a precarious 
outcrop nicknamed "Hillary." Researchers helped the rover make several wheel adjustments to get solid footing before con- 
ducting scientific analysis of the rock outcrop. To the west are the slopes of the "Columbia Hills,” so named for the doomed 
space shuttle Columbia. Beyond the hills are the flat plains and rim of Gusev Crater. 

Image credit: NASA/JPL-Caltech 
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Ada Crater is a newly formed impact crater close to the southern edge of Meridiani Planum, far to the southeast of the 
Opportunity rover. The crater looks extremely deep, but that impression is greatly exaggerated! Stereo pairs are acquired with 
separation angles much greater than that of our own eyes, in order to extract for accurate measurements. But the effect on 
color anaglyphs is to exaggerate the relief, which can be vertigo-inducing over steep terrain. 

Image credit: NASA/JPL/University of Arizona 








Olympus Mons is the largest volcano in 
the Solar System. Although it is known 
that it was constructed of lava flows, 
many aspects of this titanic volcano 
remain puzzling. For example, the base 
of the volcano is marked by a steep 
scarp (cliff) that is up to 8,000 meters 
(26,000 feet) tall. The volcano may be 
so large that it is falling apart under 
its own weight, such that the outer 
edges are collapsing in massive land- 
slides. By combining two HiRISE 
observations, we can see an approxi- 
mately 6 km (3.7 mile) wide portion of 
this scarp in three dimensions. The 
rugged topography at the edge of the 
scarp, with kilometer-scale pieces of 
the volcano pushed up or pulled apart, 
fits the idea that the lower part of 
Olympus Mons is riddled with faults. 
Image credit: NASA/JPL/University of 


Arizona 


123 





124 





This image shows the western flank of the shield volcano Olympus Mons in the Tharsis region of the Martian western hemi- 
sphere. The escarpment at lower left rises from the surface level to over 7,000 meters. At the top of the image, part of the 
extensive plains west of the escarpment are shown. 

To the northwest of the volcano are regions of gigantic ridges and blocks extending some 1,000 kilometers from the summit 
like the petals of a flower. The origin of the deposits has challenged planetary scientists for an explanation for decades. The 
most persistent explanation, however, has been landslides. 

Image credit: ESA/DLR/FU Berlin (G. Neukum) 








This image shows the Biblis Patera volcano, located in the western part of the Tharsis rise on Mars. The volcano is 170 kilo- 
meters long, 100 kilometers wide, and rises nearly 3 kilometers above its surroundings. The bowl-shaped ‘caldera’ has a diam- 
eter of 53 kilometers and extends to a maximum depth of roughly 4.5 kilometers. 

Image credit: ESA/DLR/FU Berlin (G. Neukum) 
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n early spring in the southern hemi- 
sphere on Mars the ground is covered 
with a layer of carbon dioxide ice. In 
this image there are two lanes of 
undisturbed ice bordered by two lanes 
peppered with fans of dark dust. When 
we zoom in to the sub-image, the fans 
are seen to be pointed in the same 
direction, dust carried along by wind. 
The fans seem to emanate from spi- 
der-like features. The arms are chan- 
nels carved in the surface, blanketed 
by the carbon dioxide ice. The ice, 
warmed from below, evaporates, and 
the gas is carried along the channels. 
Wherever a weak spot is found the gas 
vents to the top of the ice, carrying 
along dust from below. These channels 
are deepening and widening as they 
converge. Spiders like this are often 
draped over the local topography, and 
often channels get larger as they go 
uphill. A different channel morphology 
is apparent in the lanes not showing 
fans. In these regions the channels are 
more like lace and are not radially 
organized. 

Image credit: NASA/JPL/University of 
Arizona 








Phobos and Deimos are interesting for several reasons. Both Martian moons are small, with average diameters of just 22 and 
12 km, respectively. At this size, their gravity is insufficient (less than 1/1000 of Earth) to pull them into spherical shapes, in 
contrast to the larger moons and planets in the Solar System. Both moons are tidally locked toMars, meaning, like our own 
Moon relative to Earth, they present the same side to Mars all the time. The small size and composition of Phobos and Deimos 
make them very similar to some asteroids. It is possible, in fact, that they are captured asteroids. Other hypotheses are that 
they formed with Mars in the early Solar System, or are composed of material blasted off of Mars by impacts. 

Image credit: NASA/JPL/University of Arizona 
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APPENDIX A 
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TERMINOLOGY 
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needed its own nomenclature. They elected to 
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consequently, some explanation is usually necessary. 
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APPENDIX B 


MARS VS. EARTH: 
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Orbit rank (from the Sun) 
Orbit (semi-major axis 106 km) 
Perihelion (106 km) 
Aphelion (106 km) 

Average orbital velocity 
(km/s) 

Orbit inclination (in degrees) 
Orbit eccentricity (flattening) 
Orbit period (Earth days) 
Rotation (Earth hours) 
Equatorial radius (km3) 
Polar radius (km3) 

Mass (1024 kg) 


Mean density (kg/m3) 
Surface gravity (m/s2) 
Escape velocity (km/s) 
Topographic range (km) 
Atmosphere 


Surface pressure (millibars) 
Temperature range 
Natural satellites 


4th 

DPT to) 
206.62 
249.23 


24.13 

sts. 

0.0935 
686.980 
24.6597 
3397 

Sl 7/'5 
0.64185 
3933 

3.71 

503 

30 

95% CO2, 
remainder N, 
Ar, O2, CO, 
H20, NO, Ne 


4.0 to 8.7 
~ 210K (?63° C) 
D 





3rd 
149.60 
147.09 
152.1 


29.78 

0.0 

0.0167 
300.200 
24.000 
6378.3 
6356.8 
5.9736 

5515 

9.8 

11.19 

20 

78.084% N2, 
20.946% O2, 
remainder Ar, 
CO2, Ne, He, 
CH4, K, H2 
1014 

288K (15° C) 
{ 


LBS 
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ROBOT MARTIAN 
EXPLORERS * 


Marsnik 1 Launch Failure 

Marsnik 2 Launch Failure 

Sputnik 22 

Mars 1 Contact lost in transit 

Sputnik 24 Mars transit trajectory failure 
Mariner 3 Launch failure 

Mariner 4 Flyby 

Zond 2 Partial power failure, contact lost 


Zond 3 Mars launch window missed, mission retasked as 
spacecraft test 


Mariner 6 Flyby 


Mariner 7 Flyby 





Mars 1969A 
Mars 1969B 
Mariner 8 
Cosmos 419 
Mars 2 

Mars 3 


Mariner 9 


Launch failure 
Launch failure 


Launch failure 


Mars transit trajectory failure 
Orbited Mars, lander crashed 
Orbited Mars, soft landing — lander failure after 20s 


Orbited Mars 








2005 


2007 
2009 
2011 
2014+ 


Mars 4 


Mars 5 
Mars 6 
Mars 7 


Viking 1 

Viking 2 

Phobos 1 

Phobos 2 

Mars Observer 
Mars Global 
Surveyor 

Mars 96 

Mars Pathfinder 
Nozomi (Planet B) 
Mars Climate Orbiter 
Mars Polar Lander 
Deep Space 2 
Mars Odyssey 


Mars Express 


Spirit 


Opportunity 


Mars Reconnaisance 
Orbiter 


Phoenix 
Mars 2009 
Mars 2011 


Not selected yet 


USSR 


USSR 
USSR 
USSR 


USA 
USA 
USSR 
USSR 
USA 


USA 
USSR 
USA 
Japan 
USA 
USA 
USA 
USA 


European 
Space Agency 


USA 
USA 


USA 
USA 
USA 
USA 
USA 


= Mission names in bold were fully or partially successtul. 


Failed to orbit, became flyby mission, some data 
returned 


Orbited Mars 
Contact lost during landing 


Failed to orbit, lander missed Mars, both went into 
heliocentric orbit 


Orbited and Landed 

Orbited and Landed 

Power failure, contact lost in transit 
Contact lost 


Contact lost 


Orbited Mars 

Launch failure 

Rover on Mars 

Failed to orbit, went into heliocentric orbit 
Failed to orbit, crashed on Mars 

Contact lost on atmosphere entry 
Contact with both probes lost 

Orbited Mars 


Orbited Mars, lander lost 
Rover on Mars 


Rover on Mars 


Orbited Mars 

Planned lander 

Planned laboratory rover 
Mission TBD 


Planned sample return 








fa ed wet = NX Pe 





MARS OPPOSITIONS: 
WHEN THE VIEW OF 
MARS IS BEST 





ale) ©) ole)<¥] sea mem \/t-lecmelereelesmVal>lam\/t-lecme-lare, 


the Sun are on opposite sides of Earth. This is 





the best time to observe Mars because It Is 


when it is closest to Earth. 


The interval of oppositions normally ranges between 25 and 28 months, due to the 
different orbital periods of the two planets, greater eccentricity (flattening) of Mars’s 
(o}go)| mar- Lalo daromele-NAir-vdle)ar-Um ele lomeyae [e) o)i\-1ar-lale me) ial-1am e)[-lalolicwM\V/[-lesm cL Cota Iolo Ml I mt- late 
years to orbit the Sun. During its orbit, the planet ranges from 207 to 249 million 
km (121 to 155 million mi) from the Sun. Earth’s orbit is nearly circular and only 
varies from 147 to 152 million km (91 to 94 million mi). Earth’s greater orbital veloc- 
ity (about 30 km or 18.6 m per second) causes it to swing past the slower Mars 
(24 km, or 14.9 mi per second) and race around the Sun to catch up with Mars 
again about 26 months later. 


The Mars Opposition of 2003 


On August 28, 20038, Mars and Earth were in opposition, and Mars was only 55.76 
million km (34 million m) away. The disk of Mars spanned 25.11 arc seconds (about 
one-half of one-sixtieth of a degree). For comparison, the Moon spans about one 
Yell mo)im- We (=1o [421-0 @ Bt o101 0-1 cemtsi-Vore)atol:) My AlinaTele le] aM atolmcvole]acelavem || .<omaale(ela Mm lato ie) 0) oer 
sition was about as good as it gets for Mars. The last time it was that close, 
Neanderthals were roaming Europe. The next good opposition of Mars will be on 
A]U) Vay PAO Ol MANZIta MV EeVecmevolenliave mY ZiialiamotsM anil licelam <aemCotomctsM nll lirelemenyRe)m=t-lalal-lare 
presenting a disk 24.31 arc seconds across. 
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2010 January 29 
2012 March 3 
2014 April 8 

2016 May 22 

2018 July 27 

2020 October 13 
2022 December 8 
2025 January 16 
2027 February 19 
2029 March 25 
2031 May 4 

2033 June 27 
2035 September 15 
2037 November 19 
2040 January 2 
2042 February 6 
2044 March 11 
2046 April 17 
2048 June 3 

2050 August 14 
2052 October 8 
2054 December 17 
2057 January 24 
2059 February 27 


14.1 

13.89 
15.16 
18.6 

24.31 
22.56 
LES, 
14.97 
13.81 
14.46 
16.91 
22.13 
24.61 
18.96 
15.32 
13.93 
14.03 
15.68 
19.76 
25.02 
21.23 
16.42 
14.28 
13.83 


99.33 


100.78 


o2o0 
(GaAs. 
97.09 
62.07 
81.45 
96.08 


101.42 


96.82 
82.78 
63.28 
56.91 
73.84 
S)|| coke) 


100.49 


Sei) 
Sgra2 
70.86 
995.96 
65.96 
G3:29 
98.06 


NO EZ9 


* http://www.seds.org/~spider/spider/Mars/marsopps.html 
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Photographs and illustrations courtesy of: 

Arizona State University, p. 83; Corby Waste, p. 95; Esa MPS for OSIRIS 
TEAM, p. 18; ESA/DLR/FU (G. Neukum) pp. 9, 10, 18, 27, 33, 48, 50, 53, 58, 
60, 61, 61, 64, 65, 67, 70, 73, 74, 77, 80, 104, 107, 110, 112, 118, & 119; 
llustration by Medialab, ESA 2001, p. 62; NASA p. 101; NASA/JPL, pp. 20, 
44, 46, 79, 88, 90, 91, 96, 108, & 112; NASA/JPL/ASU pp. 56, 59, & 
76; NASA/JPL/Brown University p. 25; NASA/JPL/Cornell pp. 78 & 109; 
NASA/JPL/Cornell/ASU p. 43; NASA/JPL/GSPC pp. 21, 22, & 39; 
NASA/JPL/Malin Space Science Systems pp. 34, 41, 84, 85, 85, 100, 
106, 107, & 113; NASA/JPL/MSSS pp. 138, 30, 47, 50, 68, & 89; 
NASA/JPL/UA/Lockheed Martin p. 14; NASA/JPL/Univ. of Arizona pp. 6, 13, 
31, 64, 66, 67, 82, 102, 116, 117, 120, & 121; NASA/JPL/USGS pp. 2 & 36; 
NASA/JPL-Caltech pp. 16, 103, & 115; NASA/JPL-Caltech/ASU/USGS p. 92; 
NASA/JPL-Caltech/Cornell pp. 12, 42, 76, 92, 97, & 111; NASA/JPL-Caltech/ 
Univ. of Arizona pp. 23, 99, & 114; NASA/USGS p. 54; National Space 
Science Data Center p. 96; National Space Science Data Center/NASA 
Goddard Space Flight Center p. 8; Taylor Perron/US Berkley p. 72. 
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